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Abstract
In this dissertation, the binding positions of RNAP holoenzyme on λ DNA are characterized
using an apparatus that integrates a Solid State Nanopore with a Tuning Fork based Force
sensing probe (SSN-TFFSP). The SSN-TFFSP system combines the measurement of ionic
current through a solid-state nanopore with a DNA tethered probe tip. The position of the
tip is sensed by a tuning fork force sensor and is controlled with a nanopositioning system.
With this apparatus, translocation speed of DNA through solid state nanopores has been
brought down to 100 µs/base. Such a controlled movement of DNA through a solid state
nanopore can provide enough temporal resolution to determine the individual binding site
of a RNAP on a λ DNA. Three signals measured simultaneously from this apparatus were:
ionic current through a nanopore, tip position, and tip vibrational amplitude. These signals
were measured when a probe tip was approaching towards the nanopore and was being lifted
away from the pore. The λ DNA+ RNAPcomplex tethered to the probe tip can be captured by
the electric field near a nanopore. The nanopore current signal measured during the capture
of RNAP bound λ DNA provides new insights to the dynamics of λ DNA+RNAPcomplex
molecules inside a nanopore. The binding positions of RNAP on a λ DNA are measured
directly from the tip position signal corresponding to the distinct current drop within λ DNA
current blockage level. The resolution limit of this apparatus is estimated to be 100 nm or
300 bp for RNAP binding sites. The resolution limit was further compared with the free
translocation data set of λ DNA+RNAPcomplex through the solid state nanopore.
c© 2017 by Harpreet Kaur
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Overview of the Dissertation
This dissertation starts with a brief introduction to Nanopore based Sequencing technology.
I have addressed the technical challenges before nanopore sequencing device availability and
the research progress made in the past two decades by both biological nanopore and solid
state nanopore to achieve a low cost (below $1000) and fast sequencing goal. In order to im-
prove the temporal resolution of solid state nanopore, our lab has designed an apparatus that
combines solid state nanopores with a tuning fork force sensing probe system. Chapter two
extensively describes the experimental setup of this apparatus. The controlled translocation
of λ DNA through solid state nanopore is explained in detail and COMSOL simulations were
performed to support our explanation of current measurement results. Chapter 3 discusses
another experimental setup designed to test binding chemistry between the DNA and tip.
The ac voltage dependence on the stretching of the DNA bound to the gold coated optical
fiber tip is presented.
Chapter 4 and Chapter 5 are the core of this dissertation. Chapter 4 is based on free
translocation of λ DNA+RNAPcomplex through native solid state nanopore set up. These
translocation events were further compared with RNAP and λ DNA events. The binding
efficiency and binding sites of RNAP on λ DNA were estimated.
Chapter 5 describes the translocation of λ DNA+RNAPcomplex tethered to the probe tip
through solid state nanopore. This new approach to find binding sites of protein on DNA
with high accuracy was demonstrated. The resolution limit to find the binding sites of RNAP




Deoxyribonucleic Acid (DNA), is a bio-molecule that carries hereditary information in almost
all living organisms. The genetic information stored in DNA, is coded with four different
chemical bases (or nucleotides) Adenine (A), Thymine (T), Cytosine (C) and Guanine (G).
Nucleotides are bound to each other via covalent bonds between the sugar part of one nu-
cleotide and phosphate group of the next one, to form a long chain. Two strands of DNA
wind around each other to form a double helix structure which was revealed by Watson and
Crick [1] from X ray diffraction data obtained by Roselyn E. Franklin. An accurate informa-
tion of DNA base pair’s sequence is essential for many research fields like biology, medical
diagnosis, forensic biology, evolution biology and virology. In 1977, Sanger reported the
first full genome sequence of bacteriologic φX174 using the chain termination approach [2].
Knowledge about human genome sequence has improved our understanding of many genetic
diseases, like cancer, and has opened the doors for personalized genome medicine. In 2004,
the National Human Genome Research Institute launched the ”$1000 genome project” to
expand next generation sequencing (NGS) techniques, such that a human genome can be
sequenced rapidly for less than $1000. Schadt.et.al have characterized the NGS into three
generations [3]. First generation sequencing based on Sanger’s approach: has a read length
of 400-900 bp with 99.9% accuracy at a cost of $2400 per million bases [4]. The 2nd genera-
tion sequencing techniques are based on amplification of target DNA and large numbers of
parallel chips. Even though 2nd generation sequencing is less than $1000, DNA read length
is limited to few hundred bases and it takes long time [5].
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To overcome limitations of 1st or 2nd generations, new technologies are growing rapidly to
develop a sequencer at the single molecule level and are known as 3rd generation sequencing
techniques. Some of these techniques are Nanopore sequencing [5, 6], single molecule mo-
tion [7], molecular force spectrometry [8], sequencing by tip enhanced Raman scattering [9]
etc. These techniques do not involve long sample preparation steps. Nanopore based tech-
nology has gained a lot of attention due to label free detection, no prior amplification of
sample, small volume of sample, longer DNA read length and high speed of detection [5].
1.1 Nanopore as Genome Sequencer
Passage of ion and biomolecules (like DNA, RNA and proteins) through the cell membrane
is an important biological process. Transportation of RNA through the cell membrane after
its synthesis is an example of this. Inspired by translocation processes of DNA through the
membrane ion channel, Deamer et. al. envisioned the potential of nanopore as a next gen-
eration Genome sequencer in 1990 [10, 11]. Six years later, Deamer and coworkers reported
the first experimental results on single strand (ss) DNA detection through α Hemolysin (α-
HL) nanopore [12]. α-HL is a mushroom shaped heptamer trans membrane channel and is
termed as a biological nanopore as it is made up amino acid residues. It has a β barrel with
an outer diameter of 2.6 nm on one end (shown in Fig. 1.1(a)) [13] and an inner diameter of
1.3 nm which is equivalent to the diameter of ssDNA.
In order to overcome, protein pore’s stability and precise tuning of nanopore size problems,
Li et. al. reported the first Silicon Nitride (SiNx) based solid state nanopore (SSN) with a
size of 1.8 nm fabricated with an Ion Beam Sculpting (IBS) apparatus [14]. Two years after
that, they demonstrated the sensing capacity of SSN to identify double strand DNA (ds-
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DNA) with different configurations as it passes through the nanopore [15]. A transmission
electron microscope (TEM) image of the 30 nm SiNx nanopore with a thickness of 20 nm is
shown in Fig. 1.1(b) and 1.1 (c).
1.1.1 Detection Principle
Nanopore sensor detection is based on the combination of ion channel [16] and resistive pulse
technique, discovered by Walter Coulter to count blood cells [17]. A nanometer sized pore, α-
HL embedded in a biological membrane or SiNx in silicon chip is the sole connection between
cis and trans chambers containing electrolyte solution. Upon the application of external
voltage across a nanopore, ions flow through and a steady open pore current, Io (baseline
current), is detected by patch clamp amplifier (PCA). Io depends upon the pore geometry
and solution conductivity, σ. For the simplest case, assuming a cylindrical geometry, at






where rp and tp are the radius and thickness of the nanopore, respectively. The basic set up
of a SSN translocation experiment is shown in Fig. 1.1(d). If negatively charged biomolecules
like DNA (-0.33e/phosphate) [19] are added to the cis side (which is grounded), an electric
field across the pore length forces the biomolecules to move to the positively biased trans
side. As DNA translocates through the pore,exclusions of ions from the nanopore results in
a transient current drop, ∆I. ∆I is proportional to the ratio of the cross sectional area of







where rDNA is the radius of DNA. This current blockage is known as a translocation event.
An example of a translocation event of λ DNA through SSN with Io= 9.7 nA is shown in
Fig. 1.1(e). When λ DNA passes through the pore it causes a current blockage, ∆I = 200 pA
with translocation time, τd ≈ 3 ms. For SSN, translocation time increases with an increase
in the length of DNA (LDNA) and solution viscosity (η) and varies inversely with applied
voltage (V ) and linear charge density (ζ) [20–22]. An approximate expression for τd for SSN





where the parameter α ≈ 1.4, is measured empirically and it signifies the unwinding of
the DNA region just before it passes through the pore [22]. Measurement of the current
blockage and translocation time provides insight on the translocation dynamics of DNA
molecules through a nanopore. To successfully finger-print a genome sequence, DNA should
thread through a nanopore, such that from the current signature one can read off a single
base at a time.
1.2 Challenges for Nanopore Sequencer: Single Nucleotide Resolution
1.2.1 Spatial Resolution
Nucleotides in the DNA chain are separated by ≈ 0.4 nm from each other. Each monomer
has a different size and ideally a distinct blockage current from each nucleotide is expected
to read the genome sequence successfully. Point to note is that the thickness of the β barrel
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of α-HL is ≈ 5 nm and it can accommodate ≈ 10 bases. The corresponding thickness for
SSN is about 20 nm, which is capable of housing tens of nucleotides at a time. So, the
current blockage is intrinsically an average outcome of a small portion of DNA, not from a
single nucleotide. Any fine details smaller than pore thickness are effectively averaged out
in current blockage signal. One solution to increase the spatial resolution of the nanopore
sensor is to reduce the thickness of the nanopore.
1.2.2 Temporal Resolution
The sampling rate of commercially available PCA is lower than 250 kHz. At 120 mV,
translocation speed of the ssDNA through the α-HL nanopore is ≈ 1 base/µs [23] and
through the SSN, it is about 25 bases/µs [15, 21]. This speed is too fast to detect a single
nucleotide by PCA. Along with spatial resolution, it is critically important to slow down the
translocation speed of DNA or improve the electronics for faster data collection, to achieve
single nucleotide resolution (SNR).
1.3 Progress towards Nanopore sequencing:
1.3.1 Biological Nanopores
Over the past 2 decades, a tremendous amount of work has been done to improve temporal
and spatial resolutions of both biological and solid state nanopores. Stoddart et.al demon-
strated that the α-HL channel contains three recognition sites [24]. With the help of modern
molecular biological techniques, like genetic engineering, mutations were introduced in α-HL
to eradicate excess recognition sites and produced a single detection site inside the chan-
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Figure 1.1: (a) A 3D representation of α-HL mushroom shaped heptamer (each unit is
shown in different color)(3B07.pdb) [13]. With a 10 nm by 10 nm external dimensions, α-
HL has a β barrel with an outer diameter of 2.6 nm and a length of 5.2 nm. (b) A TEM
image of a SSN nanopore with a diameter of 30 nm. (c) Electron tomograph of the 30 nm
pore shows the thickness of the pore is ≈ 20 nm. (d) A schematic view of fluidic setup of
the nanopore experiment. Polydimethylsiloxane (PDMS) chambers above (Cis) and below
(Trans) the silicon chip make a tight seal with pore and contain channels for the fluid flow
and biopolymer insertion. (e) Current trace of a translocation event of λ DNA through
SSN. As λ DNA translocates through the nanopore channel a temporary current blockage,
∆I = 200 pA with a duration of τd ≈ 3 ms is detected.
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nel [25]. Faller et. al. reported another funnel shape octamer protein pore, Mycobacterium
smegmatis porin A (MspA) with a diameter of ≈ 1.2 nm, thickness 0.6 nm at the detection
site [26]. MspA,s single recognition site makes it a promising candidate to improve the spatial
resolution of ssDNA sequencing [27, 28]. The current drop observed from MspA is reported
to have a contribution from four bases in the detection site [28, 29]. To increase the capture
rate and to slow down DNA, Butler et. al. muted MspA in such a way that amino acid
residues at the entrance are positively charged, and at the recognition site are neutral [30]. To
control the translocation speed, many groups have combined nanopore with ratchet dynam-
ics of DNA polymerase, which was proposed by Church et. al. [11]. For example: Manrao et.
al. used Mycobacterium smegmatis porin A (MspA), a protein pore with phi29 DNA poly-
merase bound to a blocking oligomer and a DNA template (whose 3′ end is annealed with
another primer) [29]. Once the single strand part of the complex is trapped in MspA and the
blocking oligomer is removed, phi29 pull the single stranded template at a controlled rate
to resolve the single nucleotide signal [29]. Nanopore based DNA sequencing has also been
practically demonstrated with biological nanopores along with various modifications of the
traditional translocation experiment [31, 32]. Kumar et. al. described the nanopore based
DNA sequencing via synthesis strategy by using 5 phosphate nucleotides modified with dif-
ferent size tags [32]. During the polymerase reaction, whenever a nucleotide is added to the
DNA chain, it releases it,s tag into the alpha-hemolysin nanopore and generates a distinct
current blockage signal for each nucleotide [32]. Oxford Nanopore Technologies launched
the DNA sequencing device, MinION, based on base by base ratcheting of ssDNA out of α
Hemolysin pore using φ29 polymerase. According to initial reports on MinION sequencing,
it has a capacity to read more than 10 kb, which is much longer than average read length of
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other sequencing techniques. However, the error rate is as high as 90% [33]. Recently, Laver
.et. al have assessed the MinION sequencing performance. They have reported the mean
read length to be 2 kb and the longest single read length to be 98 kb with an estimate error
of 38.5% [34].
1.3.2 Solid State Nanopores
On the other hand, solid state nanopores have lagged far behind to achieve SNR for DNA
sequencing. Since the fabrication of SiNx nanopores by Li [14], SSN has gained a lot of at-
tention due to its thermal stability, mechanical robustness and selectable chemistry. Apart
from this, different nano-fabrication techniques have provided freedom to have a precise
control on the dimensions of nanopores. Many groups have demonstrated the fabrication
of silicon oxide [35], aluminum oxide [36] and single layer membranes like graphene [37–39]
and boron nitride [40] nanopores by using various techniques like focused ion beam, electron
beam lithography, focused electron beam, and helium ion microscopy. Drndics group have
reported silicon nitride pores as thin as 1.7 nm [41] and recent work of Garaj et. al. demon-
strate that atomically thin graphene nanopore has a high sensitivity of 0.65 nA/Å, which
can detect the small changes on DNA [42]. The 0.335 nm thick single layer graphene [43] is
an excellent alternative for artificial nanopore based DNA sequencing.
Due to weaker interactions between the DNA and SSN, dsDNA translocates at a much
faster rate of 25 bases/µs [15, 21] through SSN compared to the protein pores. Our group
has reported the first attempt to control the translocation speed of DNA through SSN by
increasing solvent viscosity and a translocation speed of 3 bases/µs was achieved [18]. But,
increasing the viscosity of buffer also reduces ionic current signal and, hence, signal to noise
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ratio. After this, many experiments with separate DNA manipulation have been designed to
slow down DNA motion through SSN. For example, DNA translocation was observed while
tethered to a bead and the motion of the bead was controlled by using optical or magnetic
tweezers [44–46]. Trepangnier et. al. showed that translocation speed could be controlled
to 0.15 bases/µs, ≈ 200 times slower than traditional DNA translocation [45]. In Optical
tweezers experiments, DNA tethered to a bead was trapped in a focused laser beam but,
heating by the laser resulted in an increase in the ionic current and noise of the nanopore
signal [44]. To compensate for these effects, optically trapped bead need to be placed a
few microns away from the nanopore. Additionally, Brownian motion of the bead limits the
positional control of tweezers to 10 nm.
To achieve the goal of DNA translocation as slow as 0.001 base/µs for a SSN based DNA
sequencer, our group has constructed an apparatus that integrates the SSN ionic cur-
rent measurement with a DNA tethered Tuning fork based force sensing probe (TFFSP)
tip [47](Discussed in Chapter 2). Position of the probe tip is sensed by the tuning fork
force sensor and controlled by a nanopositioning system with sub-nanometer precision. The
advantage of the probe tip based approach over the bead-based system is that probe tip can
be brought very close to nanopore and pulled out with a sub-nanometer resolution [48, 49].
With a SSN-TFFSP setup, a translocation speed of 0.0025 bases/µs or 1 nm/ms can be
achieved, 1000 times slower than free DNA translocation and 10 times slower than bead
based optical trapped DNA in SSN. Another point to note here is that, this is not the upper
limit of SSN-TFFSP system, pulling rate can be reduced further by changing the user-defined
parameters for the nanopositioning system. Our system provides enough temporal resolution
(400 µs/base) to read a single nucleotide through a pore with commercially available PCA
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at a 100 kHz (10 µs) sampling rate.
1.4 Other Applications of Nanopores
Application of nanopore sensing technique is not only limited to DNA sequencing, it has
been proved to be useful for a broad range of purposes. Some of its applications are listed
below.
1.4.1 Medical diagnosis
DNA methylation can cause disordered gene expression leading to mutations and tumori-
genesis so it can be used as a biomarker for cancer diagnosis. Abnormal DNA methylation
has been demonstrated using SSN by measuring translocations of unmethylated, methylated
and semimethylated MS3 and BRCA1 DNA fragments [50]. It was observed that minimum
voltage to translate DNA varies with degree of methylation [50]. This simple technique can
be used as an important tool for epigenesis diagonsis.
It has been reported that single nucleotide polymorphisms (SNP) can cause phenotypic dif-
ferences among individuals and is related directly to tumor progression [51]. Zhao.et. al
observed that the voltage threshold for the translocation of DNA bound to a restriction en-
zyme depends upon the DNA sequence and enzyme, which allowed for the detection of the
SNP in the recogination site [51]. This concept can be extended to diagnose early bacterial
and viral infections, and cancer. Nanopore detection technique can also be extended for
pathogen classification [52].
A high speed cocaine detector was proposed by combining long tail Cocaine Binding Apat-
mer (CBA) with α-Hemolysin nanopore [53]. When CBA is combined with cocaine, it forms
11
a three way junction complex and blocks current permanently, indicating the presence of
cocaine [53].
1.4.2 Sensing proteins, peptides and nanoparticles
Protein [54–56] and nano-sized particle characterization [57–59] through nanopores have also
been investigated with high interest. Translocation of protein through nanopore is complex
due to fast passage time and interactions with surfaces [56]. Recently, lipid coated nanopores
have been reported to be able distinguish several proteins by measuring five parameters;
translocation time, charge, volume, shape and ligand affinity [55]. The Akeson,s group has
described the controlled unfolding of protein through a α Hemolysin pore in combination with
AAA+ and unfoldase ClipX [60]. This technique has the capacity to sequence native single
protein strands and could prove useful for developing nanopore based proteomics studies.
1.4.3 Single Molecule Dynamics: DNA-Protein, Protein-Protein and Protein-
Ligand interaction
The capacity to scan and determine the features on an individual polymer makes nanopore
sensor a suitable candidate to study the DNA- protein complexes. DNA coated with RecA
proteins [61–63], and a single large protein like RNAP [64], biotin [65] and ligands [66] bound
to DNA molecules have been studied with SSN. Binding of the restriction enzymes [51, 67],
restriction endonucleases [68], and histones [69] to the DNA molecules have been investigated
with Nanopore Force Spectroscopy experiments using voltage driven removal of protein.
Apart from the above mentioned applications: nanopores are described to study the mech-
anism of viral DNA packing [70, 71] and can be used to understand essential biological
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processes like stimulation of ion transport in organisms with bio-mimetic nanochannel de-
vices.
1.5 Conclusion
Nanopore based biosensor has been used for identification and quantification of a wide range
of analytes. Research efforts in the past two decades, biological nanopores have led to the
successful application of biological nanopores, which can sequence DNA with a long read
length quickly. The MinION sequencer launched by the Oxford nanopore is in clinical trial.
Early assessment of MinION sequencing data suggests long read lengths of DNA but a high
error rate. On the other hand, artificial nanopore based sequencing technologies although
are, progressing at a fast pace but have yet to reach single nucleotide resolution. With the
present progressing rate, we can anticipate fast and inexpensive clinical sequencing to be
available in the near future. Apart from sequencing, many types of DNA-Protein, Protein-
Protein interaction mechanisms, and the possibility of other medical diagnosis applications
have been explored using single molecule nanopore detectors.
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Chapter 2
Controlled translocation of λ DNA with SSN-TFFSP apparatus
2.1 Introduction
As explained in Chapter 1, reducing the translocation speed of the DNA molecule through
SSN is an important research problem within the nanopore scientific community. Several
methods have been adopted to control the motion of DNA through SSN for single nucleotide
resolution. These methods involve combination of optical or magnetic tweezers or scanning
probe microscopy with SSN current measurement. Scanning probe microscopy (SPM) is an
important research technique, which uses a probe tip to scan the surface morphology of a
sample with high resolution [72, 73]. The interaction between the probe tip and sample
depends on the distance between the tip and sample and is used as a feedback back to
control the gap between the tip and sample surface. SPM has been demonstrated to provide
a high resolution in liquid environments for example, by imaging the dynamics of DNA
transition between H and B forms in aqueous solutions [74]. SPM had been integrated with
an electrolyte immersed SSN to study the tip-nanopore interaction [49], the lipid bilayer on
a nanopore [75, 76] and access resistance of nanopore [48]. Our lab has developed a new
technique that combines solid state nanopore with a tuning fork force sensing probe (SSN-
TFFSP). The SSN-TFFSP set up utilizes the force sensing mechanism of SPM by tethering
dsDNA on to a gold coated tip attached to a tuning fork, to control DNA translocation
through the nanopore. This chapter discusses the experimental set up of the SSN-TFFSP
apparatus and the controlled translocation of λ DNA through the nanopore at a speed of
1000 µs/bp or less. With a controlled speed passage, new insights from DNA capture and
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Figure 2.1: (a) Metal encapsulated commercially available Quartz Tuning Fork. (b) Enlarged
photograph of the Quartz Tuning Fork removed from the metal capsule. Scale bar: width
of the arrowhead line is 7 mm (for both (a) and (b)).
release mechanisms through SSN are also explained.
2.2 Materials and Methods
2.2.1 Tuning Fork as a force sensor
The micro fabricated quartz tuning forks were designed as frequency resonator for crystal
watches. A commercially available quartz tuning fork operating at 32768 Hz is encapsulated
in the metal capsule, to provide protection against environmental humidity and other possible
deposits. Fig. 2.1(a) is the picture of a Tuning fork purchased from Fox electronics, NC38LF-
327. Fig. 2.1(b) shows the image of the Tuning fork taken out from its packing. Like a
traditional tuning fork, Quartz tuning fork consists of two micro machined quartz element
prongs (Right side of Fig. 2.1(b)) supported by epoxy mounting at the base (Left side of
Fig. 2.1(b)). The Quartz Tuning fork with a tip attached to one of it,s prongs, can be
used as force sensor [77–80]. Quartz is a piezoelectric material, mechanical vibration of its
prongs induces electric signal and vice-versa. An external electrical circuit can be used to
measure the output electric current or voltage signal. We make use of the Piezo actuator
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Figure 2.2: Set-up of Tuning Fork Force Sensor: The piezo actuator is driven by the sine
output from a lock-in Amplifier, which oscillates the tuning fork. The output signal from
the tuning fork sensor is first amplified 1000x and measured by the Lock in Amplifier.
(PI, PQYY 0427) to mechanically excite the tuning fork at a resonance frequency. The
schematic diagram of the tuning fork force senor set-up is shown in Fig. 2.2. The piezo
actuator is driven by sine output from a Lock-in amplifier (Standford Research Systems,
SR850). The amplitude of driving sine signal was used between 20 mV-60 mV. A magnetic
disc was attached to the piezo actuator. A gold plated tip was glued to one of the tuning
fork prongs, which was glued to the iron plate. The magnetic disc and iron plate were used
convenience of attaching and detaching the tuning fork from the piezo- actuator. Once the
piezo excites the tuning fork , it oscillates at resonance frequency. Output signal from the
tuning fork was 1000 times pre-amplified and finally detected by the lock-in amplifier. In the
metallic capsule, the tuning fork vibrated at resonant frequency of 32768 Hz with a Qualify
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factor (Q) of 105. Once the tuning fork was out of metal capsule packing and was glued to
the iron plate, the resonance vibrational amplitude and quality factor was decreased with
a shift in the resonance frequency. To find the resonance peak of the tuning fork output
signal, the LabVIEW program was used to scan the tuning fork over a wide range of driving
frequency. An output signal from the tuning fork sensor is shown in Fig. 2.3(a) when no tip
was attached to tuning fork. A 20 mV piezo driving signal was used to excite the tuning
fork, a vibrational amplitude of 0.622 V at a resonant frequency 32760 Hz with a Q factor
of 2520 was observed as output. When the tip was glued on one of the tuning fork,s prongs,
the amplitude of the vibration and Q factor were reduced further due to extra mass on one
of the prongs along with a large shift in the resonance frequency. Fabrication process for
optical fiber tips is discussed in the next chapter. An example of vibrational amplitude of
the tuning fork with probe tip as a function of driving frequency is shown in Fig. 2.3(b).
Note that the tuning fork is the same for both Fig. 2.3(a) and 2.3(b). With a probe tip
attached, the amplitude of the vibration dropped from 0.622 V to 0.366 V. The resonance
frequency shifted to 29200 Hz from 32760 with a reduced Q factor of 495.
It is known that when a probe tip vibrates parallel to the sample surface, and as the tip
nears the sample surface, its vibrational amplitude and quality factor decreases and resonance
frequency shifts. The nature of the shear forces near the sample surface is still under debate.
The tuning fork based shear force feedback system is used as a distance control mechanism
in scanning microscopes like Near field Scanning Optical Microscope (NSOM), and Atomic
Force Microscopy (AFM). The motion of a prong of the tuning fork can be modeled as an
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Figure 2.3: Amplitude of the piezo electric signal from a Tuning fork as a function of driving
frequency (a) Without a tip and (b) With a tip attached to one of tuning fork’s prongs.
Piezo driving signal for both the cases is 20 mV. The same tuning fork was used for both
measurements.
effective harmonic oscillator given by




where me is the effective mass of the prong, F is the amplitude of the driving force, ω0 is the
resonance frequency and FD = meγ(d)ẋ(d, t) is the sum of all the drag forces with γ(d) as
damping constant. The parameter d indicates the distance between the probe and surface.
For small drag, steady state solution of Eq. 2.1 is given by
x(t) =
Fe−iωt
me(ω20 − ω2 − iγω)
(2.2)
Oscillation amplitude x(t) has a Lorentz dependence on ω, and is in good agreement with the
ω dependent measurement of x(t) shown in Fig. 2.3. At a distance d, drag force can be written
as teh sum of two factors [81](1) γstat, contribution due to the physical properties of the tuning
fork like dimensions and material, and (2) γint, due to the probe-sample interaction, which
18
depends upon the distance between sample and probe tip.




where x0(d), is the oscillation amplitude at resonance frequency ω0(d) at distance d from
the sample. As d −→ ∞, the contribution to drag force due to probe/sample interaction is








where x0(∞) is the oscillation amplitude at a resonance frequency ω0(∞) at distance far
away from the sample. Using Eq. 2.2, frictional drag force (Probe is vibrating parallel to
the surface) due to the interaction between the sample and probe at a distance d from the
sample surface can be written as






Using Eq. 2.2 to calculate oscillation amplitude at resonance frequency, definition of quality
factor as Q = ω0/γ
√
3 [81] and me = k/ω
2
0 (where k, is the effective spring constant of the
tuning fork) one can write the exact expression for F frictionalint








The change in resonance frequency is much smaller than the change in oscillation amplitude,
hence one can omit the dependence of resonance frequency from Eq. 2.6. Then one finds
that the oscillation amplitude of the tuning fork is directly proportional to the piezoelectric
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21000 Nm−1 (using Youngs modulus for quartz, E = 7.87 × 1010 Nm−2, forks width W =
0.6 mm, thickness T = 0.32 mm and length L = 4 mm). So one can write the above equation
as,








where V (d) and V (∞) are the piezoelectric output voltage signals from the tuning fork at
distance d and at a distance far away where frictional drag force does not exist. This shear
force acting on the vibrating tip is used as a feedback to control the distance between a probe
tip and pore membrane. From Eq. 2.8, we calculated the output voltage/displacement to be
0.18 mV/nm. An output voltage signal of amplitude 0.366 V (after 1000 times amplification)
corresponds to an oscillation amplitude of 2.8 nm.
2.2.2 Nanopore Fabrication
Solid state nanopores used in this work were fabricated by using ion beam sculpting procedure
introduced by Li et. al. [14]. Solid state nanopores are sculpted from a sub-micron hole in
free standing Silicon nitride (SiNx) membrane with a high energy noble gas ion beam. The
details of free standing SiNx membrane preparation are discussed here [84]. Briefly, a 380 µm
thick silicon wafer with 275 nm low pressure chemical vapor deposition (LPCVD) of SiNx
(low tensile, silicon rich and amorphous) on both sides, was used to fabricate a free SiNx
membrane. Photoresist was coated on both sides of the wafer, a photo mask with features
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of 579 µm open window aligned on top layer of the wafer and exposed to UV radiation.
Next, Reactive Ion Etch (RIE) technique was used to remove the SiNx layer from the open
window. Finally, the exposed Silicon (Si) layer was etched along the < 111 > plane of Si by
using 30% w/v KOH at 90oC to give a pyramid shaped hollow region with ≈ 30 µm by 30 µm
free standing membrane SiNx membrane of thickness 275 nm (is shown in Fig 2.4(a)-(d)(not
to scale)). Once the membrane is ready, a high energy (50 keV) focused ion beam (FIB)
was used to drill around a 100 nm hole in the free standing membrane prepared above. A
transmission electron microscope (TEM) image of the FIB drilled hole (FIB pore) is shown
in Fig. 2.4 (g). Then a single chip of size 3 mm x 3 mm having a FIB pore loaded into the
Ion Beam Sculpting apparatus (IBSA). The complete description of the IBSA is discussed
elsewhere [84]. In short, a 3 keV noble gas ion beam bombarded normally on the FIB drilled
hole in the SiNx membrane with a flux density of about 1 ion/nm
2sec. Electrostatic lens
systems are used to focus the ions that pass through the FIB hole on the Channeltron style
single ion detector. When ion beam strikes above the FIB hole surface, it brings out the
lateral mass flow that eventually shrinks the top of the hole. As the hole size gets smaller,
the number of ions passing through it also decreases. With the known initial area of FIB
(measured with TEM) and assuming that the nanopore area is proportional to the number
of the ions passing through the hole, beam was deflected away using LabVIEW controlled
feedback system when the desired size of a nanopore is achieved. Finally, nanopores were
annealed at 800oC for 1 hour in dry N2 in a tube furnace. To measure the final size after
closing procedure, pores are imaged under TEM.
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Figure 2.4: Schematics of the Ion Beam Sculpting nanopore fabrication procedure: (a) both
sides of the 380 µm thick silicon wafer are coated with 275 nm thin layer of LPCVD low
tensile, silicon nitride. (b) Photo lithographically designed polymer etch mask covers the
bottom surface completely and 579 µm Silicon nitride region is open for etching. (c) RIE
etch of the uncovered SiNx region on top surface. (d) KOH wet etch of silicon, gives a
30 µm free standing SiNx membrane. (e) 50 keV highly focused Ga
+ ion beam is used to
create a 100 nm hole (FIB hole) (f) 3 keV energy, broad parallel beam of noble gas ions
is bombarded on the free standing silicon nitride membrane with FIB hole, resulting in a
motion of mass from the surface to the hole. Ions passing through the resulting hole are
counted by a Channeltron, a single ion counter as a feedback system to control the size of the
pore precisely. (g) A TEM image of the FIB hole of size 104.40 nm x 92.78 nm. (h) a TEM
image of the 17 nm by 21 nm size nanopore made by the ion beam sculpting procedure.
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2.2.3 Sample preparation
A complete description of the DNA sample preparation used for these experiments is ex-
plained in next chapter. Briefly, λ DNA’s one end was ligated with biotin labeled DNA
oligomer and unligated oligomers were removed from mixture by using the QIAEX II gel
extraction kit.
2.2.4 Fluidic Chambers
Two fluidic chambers Cis and Trans were designed to hold a nanopore. PDMS solution was
used to make fluidic chambers. Top view of both Cis and Trans fluidic chambers is shown
in Fig.2.5(a) and (b) respectively. Cis chamber has a 1 mm opening at the center to bring
the tip above the nanopore surface. Two channels were designed inside the cis chamber, as
an inlet for the KCl solution and for a Ag/AgCl electrode. Another channel was made at
45oC on a side in cis chamber to have a view for preliminary alignment of the tip above
the membrane. This channel was further sealed with a transparent cylindrical piece. Trans
chamber is 2 cm x 2 cm x 1 mm and has a 1 mm hole at the center, two channels to flow the
electrolyte in and out, and a third channel for a Ag/AgCl electrode to apply voltage across
the chambers. As shown in Fig. 2.5(c), a transparent plastic cover slip was placed under
trans chamber and was sealed with PDMS to prevent any solution leakage. A nanopore chip
was inserted between cis and trans chambers and 1 M KCl solution with 10 mM TRIS and
1 mM EDTA at pH = 8 is used as an electrolyte solution. To measure the ionic current
across the nanopore channel, the Ag/AgCl electrodes in each chamber were connected to
a current amplifier (Molecular device, Axon 200B). The whole system was enclosed in a
23
Figure 2.5: A schematic diagram of the top view of the fluidic chambers. (a) Top view of
the sis chamber. Center of the cis chamber has a 3 mm on the top side, which is decreased
to 1 mm at the bottom. Two channels in the opposite directions are for the fluid flow and
Ag/AgCl electrode. Third channel on the side is at angle 45o was designed to have a primary
alignment of the tip above the nanopore membrane. (b) Top view of the trans chamber shows
two silicone tubes for fluid in and out and one channel for electrode. Trans chamber contains
a 1 mm hole at the center for the bottom view of a nanopore for alignment purposes. (c) It
shows the side view of a trans chamber, to prevent the solution leak a transparent plastic
piece is glued at the bottom with PDMS.
home-made Faraday cage to reduce current noises due to electromagnetic radiation.
2.2.5 Nanopore - Tip alignment
As explained in the nanopore fabrication section, KOH etching step results in a pyramid-
shaped pit with a 30 µ m - 60 µm free standing SiNx membrane at the bottom on a 3 mm x
3 mm chip and is shown schematically in Fig. 2.4(e)(not to the scale). A low magnification
TEM image of 60 µ m x 60 µm SiNX membrane after pore fabrication is shown in Fig. 2.6(a).
The bright spot at the center of image in Fig. 2.6(a) is a 100 nm size FIB hole. A high
magnification TEM image, Fig. 2.6(b), displays a zoomed in view of FIB area containing
17 nm x 17 nm size nanopore. To align the probe tip above the nanopore, an objective
lens and a CCD camera are aligned below the fluidic chambers as shown in Fig. 2.7. A long
working distance (13 mm) objective lens (Mitutoyo, x50 Plan Apo Infinity-Corrected) is used
to obtain an optical image of a nanopore through 2 mm thick trans chamber. Objective lens,
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Figure 2.6: (a) A low magnification TEM image of 60 µm x 60 µm 275 nm thick SiNx
membrane window. The bright point at the center shows a 100 nm FIB milled region, and
black mark on the lower right side is a micron size dust particle. (b) A 150 kX magnification
TEM image of shows a nanopore inside the FIB region. The black region is 275 nm thick
silicon nitride membrane, gray part is a FIB-milled region, and the brightest area at the
center is a nanopore of diameter 17 nm.
mirrors and CCD camera were aligned with a 488 nm laser. First, an optical image of the tip
from CCD was obtained to find the x,y,z position on the micro-manipulator, then the tip was
lifted up. All the steps, to bind streptavidin on a gold coated tip are explained in Chapter
3, and were performed on a glass slide. After this, the nanopore chip assembled between
two fluidic chambers (Cis and Trans) was mounted on a micro-manipulator so that it can be
moved in the XYZ directions. The membrane window was positioned at the center of screen
by observing the optical image from the CCD . The DNA attachment steps were performed
at about 1 cm away from the top hole of the cis chamber. After that, the DNA tethered tip
is brought above the nanopore surface by viewing through 45o side channel present in the cis
chamber. The optical image of SiNx membrane from CCD does not show FIB region as in
the low magnification TEM image Fig. 2.6(a), but a micrometer size dust, in dotted circle as
shown in Fig. 2.6(a) can be spotted very easily and was used as the alignment marks when
the tip was brought down. As 16.5 µm long λ DNA molecule has a radius of gyration about
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Figure 2.7: A drawing for the experimental setup of the SSN-TFFSP apparatus. A silicon
chip with a nanopore is aligned between the fluidic chambers, and DNA-tethered tip is
inside the cis chamber. The DNA-tethered tip is attached to a tuning fork sensor, which
is connected to a piezo actuator, and a nano-positioner. The piezo actuator is excited by a
Lock-in amplifier and a pre-amplifier (1000x) is used to amplify the output signal from the
tuning fork. The output signal of the tuning fork after amplification is observed with the
/lock-in amplifier. Objective lens and CCD camera are located under the fluidic chambers
for the tip nanopore alignment.
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0.5 µm, once the tip is close to the nanopore, an electric field across the nanopore length
will trap such a large molecule easily.
2.3 Results and Discussion
2.3.1 Control translocation of DNA through nanopore
SSN-TFFSP apparatus (Fig. 2.7) measures simultaneously three signals: the ionic current
through the nanopore, the position of the DNA tethered probe tip and the vibrational signal
of the tuning fork force sensor versus time. Figure 2.8(a) represents the ionic current mea-
sured through a 20 nm nanopore, at 60 mV with 1 M KCl salt solution the open pore current,
Io=15.95 nA. Figure 2.8 (b) and (c) show the vertical position of the tip from nanopore sur-
face and the vibration signal from the tuning fork force sensing probe respectively. Initially,
tip is 34 µm away from the nanopore surface with Io=15.95 nA and vibration signal from the
tip is almost constant. As the tip approaches the nanopore surface, the vibrational signal
from the tuning fork decreases. When tip is 1.4 µm away (ii) the electric field across the
nanopore captures DNA, first a drop of 34 pA in the nanopore current is observed. As the
tip gets closer to the nanopore, current drop increases to 67 pA. The vibration signal from
the tip is minimum near the surface because tip-surface interactions affect vibrational am-
plitude of the tip and is used as a feedback to stop the further movement of the tip towards
the nanopore membrane. In Fig. 2.8, from (ii) to (iii) tip is not moving, the current drop
is stable and teh vibrational signal is minimum. When the tip is being lifted up ( At point
(iii) of Fig. 2.8), the current drop of 67 pA remains constant up to 15.5 µm. Further upward
motion of the tip, reduces the current drop value to initial current drop step. At 17.8 µm,
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Figure 2.8: (a) Current measured from 20 nm at 60 mV with 1 M KCl, (b) Vertical position
of the tip and (c) Vibration signal from the tuning fork versus time measured simultaneously
by an Axopatch, when the tip is approaching down or is being lifted up from the nanopore
surface. When the tip is close to the nanopore surface, the vibration signal from the tuning
fork decreases, and DNA is trapped in the nanopore as a result current drops. Whenever
DNA is captured (when tip is 1.4 µm away while approaching the nanopore) or released
(when tip is lifted up to 15.5 µm) from the nanopore, current drop steps are observed.
Current reverts back to its original value when the DNA molecule is lifted away from the
nanopore electric field range. Another current drop observed at 22.2 µm while lifting up the
tip is due to the passage of a DNA detached from the tip.
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the current signal reverts back to it,s original value. In this experiment, we have also ob-
served a current drop of 79 pA when tip is 22.2 µm away from nanopore. It is interesting to
note that the DNA capture distance (1.4 µm) outside the nanopore and the release distance
(15.5 µm) of DNA are comparable to the radius of gyration and the contour length of λ
DNA respectively. From the diffusion of DNA through nanochannel, radius of gyration of
λ DNA is measured as ≈ 0.5 µm [85] and contour length of λ DNA is 16.5 µm. From
one experiment, same trace was obtained 5-6 times with tip moving in and out. At voltage
greater than 500 mV none of the translocations were observed, possibly due to rapture of
streptavidin and biotin binding. Also when the tip is lifted fast from the nanopore surface
DNA ruptures from the tip. Another example of an experimental data from a nanopore of
size with 18 nm x 19 nm is shown in Fig. 2.9. At 60 mV Io = 10.95 nA is observed through
the nanopore. In this experiment, first step of current drop was observed when tip was
4 µm away from the nanopore. When the tip is lifted up to 12 µm above with a step size of
400 nm, DNA is not released completely out of the nanopore. As a result current measured
from the nanopore did not return to its initial value.
We argue that the current drop steps observed when DNA enters or exits the pore, are
possibly due to presence of DNA above the nanopore. Such that DNA blocks the passage
of some ions through nanopore. When DNA is completely inside the nanopore for about
15 µm. It displaces large volume of ions fromt the nanopore, leading to a large current drop.
The possible configurations of the tip, DNA and the nanopore corresponding to different
current drop levels are shown in Fig. 2.8. To support this argument, we estimate the current
drops when DNA is outside or inside the nanopore using finite element Comosol simulations.
Figure 2.10 is obtained with the permission from the publisher [47].
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Figure 2.9: (a) Current measured from 18 nm x 19 nm at 60 mV with 1 M KCl, (b) Vertical
position of the tip and (c) Vibration signal from tuning fork measured simultaneously with
an Axopatch. In this case, DNA capture distance is 4 µm and tip is being lifted up with a
step size of 400 nm to 12 µm. Current has not recovered its initial value.
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2.3.2 Comsol Simulation
Nernst-Planck and Poisson equations were used to simulate the current at different distances
when DNA is approaching the nanopore. Nernst-Planck equation describes the flux of the
charged ions in a fluid under the effect of concentration gradient and electric field and is
given by,
Ji = −Di5 ci −
ZiF
RT
Dici5 φ+ ciu (2.9)
where Ji, Di, ci and Zi are current flux, diffusion coefficient, concentration and charge on
the ith ion respectively. F is the Faraday constant, R is the gas constant, T is the absolute
temperature, φ is the local electric potential and u is the fluid velocity(which is zero in our
case). The electric field and electric potential generated by the ions is given by the Poisson
equation,
52 φ = −F
ε
ΣZici (2.10)
where ε is the dielectric constant of the fluid. These equations are solved with user defined
nanopore geometry and DNA at different positions, for current flux of K+ and Cl− ions. The
current passing through the nanopore is obtained by integrating current flux of both JK+
and JCl− ions over the nanopore area for both situations with and without DNA.
I =
∫
(JK+ + JCl−)dA (2.11)
A 25 nm size pore with a geometry as shown in Fig. 1.1(c) and a double strand DNA
(dsDNA) molecule as an insulated solid rod with diameter 2.2 nm were used for simulations.
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Figure 2.10: (a) Histogram of the current steps while pulling out the DNA from nanopore
from different experiments. (b) Current drop values versus the distance of the DNA from the
nanopore simulated from the finite element simulations. A nanopore of 26 nm diameter is
used and the simulations gives an open pore current value, Io = 14.6 nA through nanopore.
The dsDNA is considered as an insulted cylindrical rod with a diameter of 2.2 nm. Inset
figures show the DNA above and inside the nanopore. The current drops correspond to each
configuration is pointed out with the arrows [47]. This figure is “Reprinted with permis-
sion from (C. Hyun, H. Kaur, R. Rollings, M. Xiao, and J. Li, Acs Nano 7, 5892 (2013)).
Copyright(2013), American Chemical Society”.
Figure 2.10(b) represents simulated current drops with DNA at different distances from
the nanopore membrane. Figure. 2.10(a) shows the histogram of current blockage observed
experimentally from various experiments. Two kind of current drop steps at ≈ 25 pA and at
≈ 45 pA are observed more frequently. Simulations in Fig. 2.10(b) show that current drops
occurs when DNA is 50 nm above the nanopore. At nanopore surface the drop is 20 pA and as
DNA has traveled to other the end of the FIB region of the nanopore(≈ 200 nm), the current
drop has a maximum value of 45 pA. The possible configurations for both the situations are
shown in teh insets of Fig. 2.10(b). The right peak of recovery steps, Fig. 2.10(a), is justified
with the values obtained from simulation. The peak at lower current could be due to DNA
sticky events. Another point to note here is that the simulations only assume the volume
exclusion of ions in the nanopore is the sole criteria for current blockage. There could be
other factors like binding of cations to DNA inside the nanopore [86] and charge on the
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Figure 2.11: (a) Current histogram of λ DNA free translocation events through a nanopore
of size 18 nm x 19 nm at 120 mV. Io measured with 1M KCl is 11 nA. It shows two peaks
that correspond to the unfolded and folded λ DNA events and are fitted with Gaussian
distribution (dotted line). the possible configurations for different kinds of events are shown
in the inset. (b) Dwell time histogram of the λ DNA at 120 mV. Time distribution has a
peak at 2.5 ms. Solid line is a PDF(Eq. 4.3) fit with fitting parameters: D= 9.25 µm2/ms,
and v= 4.2 µm/ms.
nanopore surface [87] that can contribute to current blockage. However, the results obtained
from these simple simulations support the current drop observed during the DNA entrance
and recovery steps observed while DNA is exiting the nanopore.
2.3.3 Comparison with free translocation of λ DNA
At 60 mV current drop due to the DNA is 67 pA and total time for translocation from (ii)
to (v) in Fig. 2.8 is ≈ 44 s. To compare it with the native translocation experiments, we
performed free translocation experiment of λ DNA molecules through a 19 nm size pore. The
translocation experiments were performed at 120 mV with 1 M KCl, 10 mM Tris and 1 mM
EDTA solution. Different kinds of translocation events: such as unfolded (DNA enters at
its end), partially folded (DNA is captured little away from its end) and completely folded
(DNA is captured at its center) were observed. Fig. 2.11(a) represents the histogram of
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blockage current with two Gaussian peaks centered at 132 pA (unfolded events) and 250 pA
(folded configuration). An example of each kind of event is shown in the inset of Fig. 2.11(a)
with possible configurations of DNA entrance to the nanopore. According to Eq. 1.2, at
60 mV the current blockage due to unfolded DNA molecule is 61 pA. This current drop
matches well with observed current drop when DNA is inside the nanopore from the SSN-
TFFSP system. The dwell time, tdwell, histogram for free λ DNA translocation is shown in
Fig. 2.11(b). We used the probability density function from one dimensional diffusion model
proposed by Li [88, 89](explained in chapter 4) to fit the dwell time histogram. From this
fit, we obtained D = 9.25 µm2/ms and v = 4.2 µm/ms. At 120 mV, the time distribution
has a peak at 2.5 ms. According to Eq. 1.3, one would expect the translocation time to be
≈ 5 ms at 60 mV. This implies that 100 base pairs are translocating in 1 µs through the
nanopore. This is much lower than the temporal resolution of an Axopatch. On the other
hand, the SSN-TFFSP has increased the dwell time to 31 s or less, and hence a translocation
speed of > 100 µs per base pair. This translocation speed is ≈ 1000 times slower than free
translocation speed obtained from the native nanopore experimental set up.
2.4 Conclusion
In this chapter, I have discussed the SSN-TFFSP capacity to control the trans location
speed of DNA tethered to a probe tip through a voltage biased nanopore. The position of
the tip above the nanopore, is sensed and controlled by the tuning fork force sensor and a
nanoposition system. DNA tethered probe tip can be brought down and pulled out from the
nanopore at a sub nanometer precision. The process of DNA capture and release from the
nanopore can be used to explain the DNA-nanopore interactions. DNA capture and release
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distances are equivalent to the radius of gyration and contour length of λ DNA (48502 bps).
A translocation speed > 100 µs per base pair is achieved, and which is 1000 times slower
than the tethered free translocation of DNA. The SSN-TTFSP system has enough temporal
resolution to sequence the DNA molecule. This apparatus of high temporal resolution has a




Characterization of DNA tethered fiber tip
3.1 Introduction
To slow down DNA translocation speed through the nanopore using a probe tip, the first
challenge was to attach the DNA on the probe tip end. Further then, characterize the binding
strength between DNA and the tip, and estimate the number of DNA molecules attached to
the tip. In the literature, several methods are available to stretch DNA, for example: when
liquid is flowing across and DNA is immobilized on a channel surface, It will stretch DNA due
to dynamic shear force [90], optical tweezers [91] and magnetic tweezers [92]. Electric fields
have also been used to study the electro kinetic stretching of DNA molecules between two
electrodes [93–95]. We designed a DNA stretching experiment by using dielectrophoresis
(DEP) force to study the DNA binding strength to tip. In an alternating electric field,
permanent charged particle oscillates around a stable position [96, 97]. On the other hand,
a dielectric particle in a non-uniform ac electric field gets polarized, this induced dipole
interacts with the external electric field and experiences a force. A non uniform field creates
unbalanced forces on the dielectric particle as a result, it has a net motion. DEP is different
from the electrophoresis where a net charged particle will move due to Coulombic force
experienced in an external uniform electric field. If a dielectric particle is more polarizable
than the surrounding medium, dipole aligns with the external field and experiences a net
force towards the regions of highest electric field strength. This phenomenon is known as
positive DEP. If the particle is less polarizable than the medium, the dipole aligns in a
direction opposite to the external field. It is repelled from the region of high field strength,
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which is known as negative DEP [98]. The dielectrophoretic force, FDEP acting on a spherical




where r is radius of the object, εm is the permittivity of the medium, E is the rms electric







where ε∗p and ε
∗
m are the relative complex permittivities of the particle and medium respec-
tively. ε∗ = ε − iσ
ω
, with permittivity, ε, the conductivity of the medium σ, and angular
frequency of the applied electric field, ω. The sign of Re[K(ω)], decides if the molecules
will be attracted or repelled from a strongest electric field gradient region. DEP force de-
pends upon the frequency of applied ac electric field, electric field gradient between the
electrodes and is independent of the direction of the applied field. DNA is a negatively
charged biomolecule due to presence of the unit electron charge on the phosphate group of
DNA backbone. In an electrolyte solution, charged polymer like DNA at pH = 7 attracts
free positive ions (known as counter ions cloud) around it, hence polymer is neutral in the
absence of an external electric field shown in Fig 3.1(a). When an electric field is applied,
ions present in the fluid move to shear away the counter ions at Zeta potential surface, as
a result, a net charge density is developed along the length of the polymer as shown in
Fig 3.1(b). This polarized charged distribution of counter ions cloud along the DNA gives
a net dipole moment. Dielectric constant (relative permittivity, (ε∗r)) is a function of the
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Figure 3.1: (a) Schematic of a negatively charged DNA molecule surrounded by counter ions
(cations in solution). This counter ion cloud create an electrostatic screen to neutralize the
charge on the DNA molecule. (b) Effect of the electric field on the charge distribution of the
counter ions along the length of a DNA molecule.
frequency of the applied field. At low frequency, dielectric constant of a DNA molecule is
greater than water, but for ≈ 100 kHz frequency ε∗DNA 6 ε∗water [99]. It is found that at
low frequency (< 2 kHz), DNA exhibits positive dielectrophoretic behavior [100] and experi-
ences a negative DEP for frequency 1 MHz in a non-uniform ac electric field [93, 101]. In our
experiment, DNA molecules are attached to gold coated tip, dielectrophoresis is driven by
applying alternating electric across two electrodes (a gold coated tip placed above a bottom
electrode) as shown in Fig. 3.1. The experimental set up of DNA binding and stretching is
explained in the next section.
3.2 Experimental setup and Methods
3.2.1 Tip Fabrication
We fabricated the tip from a single mode optical fiber (Corning, SMF-28(TM)) by using a
micropipette puller (Sutter Instrument, P-2000). Optical fiber is made up of quartz material,
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Figure 3.2: Picture of the P-2000 micropipette puller with an optical fiber aligned in the
puller bars. Inset shows top view of the instrument, where uncoated part of the fiber is
exposed to the laser for heating.
with the clad diameter 125 µm and is coated with a plastic sheath for protection. The final
diameter of the fiber after coating is 245 µm. From the center of a 15 cm long piece of
optical fiber, a 2 cm long plastic coating is stripped off. Then this fiber is aligned in the
pulling bar (Fig. 3.2) of the tip puller such that an uncoated quartz part rests inside the
heating area as shown in the inset of Fig. 3.2. This puller first melts the quartz optical fiber
core with a CO2 laser as a source of heat, then it pulls the fiber. Before pulling, the melted
fiber region gets elongated due to the motion of the pulling bar where the tip is aligned.
Finally, the hard pull gets activated to pull the bars and produce two tips on both sides.
The typical parameters for pulling the optical fiber were set as: Heat = 285(≈ 2 Watts,
specifies the output power of the laser), Velocity = 18(≈ 0.45 mm/sec is velocity at which
puller bar is moved before hard pull), Delay = 126 (This parameter controls timing of the
start of hard pull and deactivation of laser. For the delay value less than 128 ms hard pull is
activated and heat turns off after 128 ms) and Pull = 150 (≈ 9 N force of the hard pull). The
pulled fiber tips were first cleaned in Piranha solution (sulfuric acid: hydrogen peroxide=
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Figure 3.3: (a) A SEM image of the Cr/Au coated optical fiber tip fabricated from the
micropipette puller (b) SEM image of the fiber tip without Cr/Au coating at the end. Inset
shows the high resolution SEM image of coated/uncoated region of the tip. A red arrowhead
line shows the thickness of the Au/Cr coating to be ≈ 300 nm.
3 : 1) for 10 minutes, and after that these tips were soaked in DI water for 30 minutes.
After the cleaning steps, tips were dried for an hour. Once tips were dried, first a sacrificial
layer of chromium was coated for 20 seconds in 0.07 mbar with 20 mA current by using a
Cressington, Auto 108 sputter coater. On the top of Chromium coating, a thick layer of
gold metal was deposited for 9 minutes under similar conditions of pressure and current. A
scanning electron microscope (SEM) image of a Cr/Au coated tip made from puller is shown
in Fig. 3.3(a). The thickness of the gold coating is about 300 nm and was measured from
the SEM image of the tip (Fig. 3.3(b)), whose end part was not coated with gold.
3.2.2 Bottom Electrode
The bottom electrode is made from a 1 mm diameter brass rod. A 2 mm by 2 mm piece of
the cover glass was glued to one end of the brass rod with silver epoxy. Then it was coated
with Cr and Au under the same conditions as used for coating the tips (explained in the
previous section). An image of the bottom electrode is shown in Fig. 3.4(a).
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Figure 3.4: (a) An image of the gold-coated bottom electrode. (b) An image of the glass
aquarium build on the Teflon support. Cover glass pieces are glued inside the slots drilled on
Teflon support, and are finally sealed with PDMS. Bottom electrode is placed inside the hole
drilled through the Teflon base. (c) Top view of the bottom electrode and glass chamber on
the Teflon support.
3.2.3 Chamber
To hold the cover glass pieces, the 2 mm deep, and 1 mm wide slots were drilled on all sides of
a 1.5 cm 3 Teflon support. The Teflon support was further drilled through to have a 1 mm hole
for the bottom electrode as shown in Fig. 3.4(b). The glass pieces were glued in Teflon slots
with an epoxy and were finally sealed with Polydimethylsioxane (PDMS)(Fig. 3.4(b)). This
glass aquarium above the Teflon support has a capacity of roughly 1 cm3, and accommodates
the tip and bottom electrode in an electrolyte solution for DNA stretching. Figure 3.4(c)
shows the top view of the glass aquarium and bottom electrode.
3.2.4 Streptavidin-Biotin binding Chemistry
Streptavidin, a 58 kDa protein, has a high affinity to bind biotin (Vitamin-B7)[102]. The
interaction between streptavidin and biotin is one of the strongest non-covalent bindings
known in nature [102].In a folded state, a streptavidin monomer has antiparallel β barrel
structure and one binding site for biotin is located at the end of each β barrel [103] as shown
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Figure 3.5: A 3D representation of Streptavidin-biotin complex dimer (3RY2.pdb) [103].
Streptavidin dimer consists of blue and red barrels. Each binding pocket (one per barrel)
holds a biotin molecule at the end.
in Fig. 3.5. Few the amino acid residues inside the barrel and an additional amino acid
(TRP 120) of neighboring monomer contribute to the biotin binding pocket. Streptavidin,s
extraordinary affinity to biotin has been attributed to many factors including: (1) Struc-
tural compatibility between biotin and the binding pocket in streptavidin [104](2) the huge
hydrogen bond network between biotin and the amino acids residue of binding pocket [105]
(3 )the hydrophobicity of the binding pocket [105]. The schematic of a streptavidin dimer
holding two biotin molecules in the binding pocket is drawn (Fig. 3.5) with Visual Molecular
Dynamics by using 3RY2.pdb [103]. In our experiment, we make use of the strong strep-
tavidin biotin binding chemistry to attach the DNA molecules to the gold plated tip. We
attached streptavidin on the gold coated tip and modified λ DNA molecules with a biotin
on it,s one end. The preparation of DNA molecules is explained in next section.
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Figure 3.6: (a) λ phage DNA with 12 bases overhangs on the 5′ ends. (b) The oligomer used
for ligation consists of 12 bases complementary to one of the λ DNA sticky ends with 15
poly T bases and a biotin molecule on the3′ end.
3.2.5 DNA Preparation
We used DNA from λ bacteriophage, which infects the E. coli bacterial species. The λ phage
genome consists of 48502 base pairs, along with with 12 GC rich single strand complementary
overhangs at both 5′ ends (Figure 3.6(a)) [106]. One of these sticky ends was ligated with
an oligomer, which has 12 bases complementary to one of the λ DNA overhangs with 15 T
bases and a biotin molecule (Fig. 3.6(b)).
Ligation of λ DNA with a biotin oligomer
λ DNA purchased from NEB was reported to have a concentration of 15 nM (0.5 µg/µl).
The designed biotin oligomer as shown in Fig. 3.6(b) was purchased from Integrated DNA
Technologies. 50 µl of 0.5 µg/µl λ DNA was mixed with 6 µl of 10 µM biotin oligomer and
15 µl of T4 ligase buffer (10x buffer) in a 150 µl reaction buffer. The final concentration of
the biotin oligomer in the reaction mixture is 400 nM, 80 times the concentration of λ DNA
(5 nM). A water bath was pre heated to 65oC. The above reaction mixture was mixed gently
with wide-open tips to avoid the fragmentation of the long λ DNA molecules. The mixture
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is then incubated at 65oC for 20 minutes. The mixture was left to cool down slowly for a
few hours to allow the hybridization of the biotin oligomer to the λ DNA end. The ligation
reaction was performed with the T4 DNA ligase enzyme. 4 µl of T4 DNA ligase enzyme was
mixed in the prepared reaction mixture, and was incubated at 12oC overnight.
Removing unligated Biotin oligomers
The unbound oligomers were separated from the mixture with a QIAEX II gel extraction
kit. We skipped the first step of gel electrophoresis from the protocol and followed the rest
of the protocol to remove the unligated oligomers. The 150 µl solution was divided into
three tubes. The 50 µl solution in each tube was filtered with DNA gel-extraction kit. After
the purification steps, the concentration of purified biotinlated λ DNA was measured by
spectrophotometer. Purified biotin labeled λ DNA (2− 3 nM) is about 8 times more diluted
than original λ DNA. Finally, biotinlated λ DNA was stained with Ethidium bromide (EtBr)
(Sigma Aldrich, E1510 − 10 ML) dye. First, the EtBr is diluted 100 times to get a final
concentration of 250 µM, then 8 µl of this is added to 50 µl of the purified biotinlated λ
DNA. The final solution of DNA will have 1200 EtBr molecules per λ DNA.
3.2.6 Fluorescent imaging
Etbr has two strong absorption peaks in UV region and one weak absorption peak around
480 nm, and It emits a light of wavelength 608 nm. A 488 nm wavelength laser was used
to excite EtBr stained λ DNA. To get an optimal fluorescent image, power of the laser
(Coherent, HighLight laser) was adjusted from 1 mW to 10 mW. A 100x Mitutoyo objective
lens with a long working distance (6 mm) was used to capture the fluorescent image of DNA
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. To minimize background light during capture, a notch filter (Kaiser, HNPF-488 − 1.0)
for the 488 nm laser and an optical band pass filter (Edmundoptics, 550 nm CWL, 80 nm
Bandwidth, NT65 − 744) were placed between the object lens and a cooled CCD (Sony
ICX285AL Monochrome Sensor). To reduce background light further, a piece of aluminum
tube was machined to place the objective lens, notch filter, optical band pass filter, and
CCD camera together. ImageJ software was used to enhance the contrast of the captured
fluorescent images.
3.2.7 DNA stretching setup
The schematic of the DNA stretching setup is shown in Fig. 3.7. In order to control the
position and alignment of the electrodes within few a microns, the tip electrode and glass
chamber containing the bottom electrode were mounted on two manual XYZ micromanip-
ulators. DNA was tethered to the tip via streptavidin-biotin binding. An optic fiber tip
was coated with gold to serve two purposes: (1) to make it conductive (2) Streptavidin
sticks well to the gold surface. A 10 − 20 µm long end of the tip was held in a 10 mg/ml
streptavidin (Invitrogen, 434301) solution for 10 minutes. The tip was then washed several
times with DI water to get rid of weakly absorbed streptavidin. This streptavidin coated tip
was dipped into the biotin-labeled λ DNA solution for 10 minutes. All the streptavidin and
DNA attachment steps were performed on the glass piece outside the glass chamber, which
is shown in Fig. 3.4(b). After soaking the tip in λ DNA solution, the tip was washed sev-
eral times with diluted TAE buffer with a conductivity of 0.2 S/m. Hereafter, the tip,s end
with DNA was kept in solution all the time to avoid DNA detachment. The tip was then
moved by a micromanipulator into the glass chamber containing the diluted TAE buffer.
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Figure 3.7: A schematic diagram of the DNA stretching setup. The gold coated tip and
bottom electrode are housed inside a glass aquarium. A 488 nm laser is focused on the tip
to excite the EtBr stained λ DNA. Optics for the fluorescence imaging: Object lens, notch
filter, optical band pass filter, and CCD camera are aligned and placed inside a piece of
machined cylinder. Inset shows an image of the tip aligned above the bottom electrode.
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Both the electrodes were aligned on each other as shown in inset of Fig. 3.7. A function
generator (Agilent Technologies, 33250A) and power amplifier (HP, 467A Instrumentation
Power Amplifier) were used to apply an AC voltage signal between the two electrodes. The
AC output voltage obtained from this power amplifier can be as high as 60 Vpp with a
maximum frequency of 2 MHz.
3.3 Results and discussion
3.3.1 Streptavidin Binding to tip
To ensure the nonspecific binding of Streptavidin to the gold plated tip, a control experiment
was performed by using the streptavidin, which is conjugated with FITC dye (Invitrogen).
FITC dye has an excitation peak around 495 nm. To attach the streptavidin FITC conjugate
on the gold coated tip end, the same steps were repeated as explained in the previous section.
A fluorescent image was taken after washing with DI water, as shown in Fig. 3.8. The
fluorescent image confirms that streptavidin is absorbed on the tip surface.
3.3.2 Voltage and frequency dependence of DEP stretching
The fluorescent image of the Etbr stained λ DNA, attached to the gold tip, which is at
20 µm away from the bottom electrode, is shown in Fig. 3.9. The bright spots on bottom
electrode are due to loose DNA diffusing in electrolyte solution and eventually has settled
on the bottom electrode. An AC voltage signal was applied from 10 Vpp to 50 Vpp at
1 MHz frequency. Figure 3.9(a) shows that the DNA has not stretched for voltage up to
30 Vpp. The electric field is not strong enough to stretch the DNA from its coiled state. For
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Figure 3.8: A fluorescent image of the streptavidin absorbed tip. End of the tip was broken
intentionally.
a 20 µm gap between the electrodes, maximum stretching of DNA was observed at 36 Vpp
(Fig. 3.9(b)). As suggested by Eq. 3.1, an increase in electric field gradient results in an
increase in the DEP force to unfold the DNA from its native state. Apart from the applied
voltage amplitude, the effect of the frequency on the stretching was also studied, as DFP force
depends upon the frequency of applied AC signal. The frequency of applied AC voltage signal
was varied from 1 MHz to 50 kHz. The best stretching signal was observed at 1 MHz. In a
low frequency regime (< 100 kHz), air bubble formation near the bottom electrode has been
observed. The bubble generation problem also arises, when a high voltage was applied across
the electrodes for a long time. The air bubble formation at high voltage can be attributed
to the Joule Heating effect. When an electric voltage (V ) is applied across a resistor (R),
the power dissipation of the resistance medium is V 2/R. As a results, temperature of the
electrolyte increases near the electrode due to this power dissipation. The temperature
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Figure 3.9: (a) A fluorescent image of the DNA attached to the tip in 2x diluted TAE buffer,
when a 30 Vpp at 1 MHz signal is applied across the electrodes. (b) A fluorescent image
of the stretched DNA at a applied voltage of 37 Vpp. This figure is reused with permission
from the publisher.1
difference (∆T ) due to the Joule heating can be estimated as ∆T ≈ σV 2rms/k, where σ is
the electric conductivity of the electrolyte, Vrms is the root mean square of applied signal,
and k is the thermal conductivity of the electrolyte. From our experimental parameters
σ = 0.2 S/m, Vrms = 14.1 V, and kwater = 0.6 Jm
−1s−1K−1, the temperature difference can
be estimated as ∆T = 66oC. The small gap of ≈ 15 µm between the two electrodes limits
temperature change measurement in our setup.
3.3.3 Dependence of stretching Voltage on the distance between electrodes
Next, the effect of the distance between both electrodes on the applied AC voltage was
studied to obtain the maximum stretching of λ DNA. It was observed that as the gap
1C. Hyun, H. Kaur, D. S. McNabb, and J. Li, Nanotechnology 26, 125501 (2015) doi:10.1088/
0957-4484/26/12/125501“ c© IOP Publishing. Reproduced with permission. All Rights reserved” [107].
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Figure 3.10: Fluorescent images of the stretched λ DNA between the tip and bottom elec-
trode for the gap distances: (a) 9 µm (b)15 µm, and (c) 30 µm in 2X diluted TAE buffer.
The cross-sectional plots of fluorescence intensity at z = -4 µm and -8 µm. White arrows
indicate the stretched DNA. The applied AC voltage is (a) 23.4 Vpp, (b) 33.3 Vpp and (c)
41.1 Vpp for the gap distances of 9 µm, 15 µm, and 30 µm, respectively. This figure is
reprinted with permission from the publisher2
between the tip and bottom electrode increases, to stretch DNA applied voltage strength
also increases. Figure. 3.10 shows fluorescent images of stretched DNA molecules for various
gap distances between the tip and bottom electrode. At about 9 µm above the bottom
electrode, 23.4 VPP is needed to stretch DNA bound to the tip, as shown in Fig. 3.10 [107].
But applied voltage value has increased to 33.3 VPP and 41.1 VPP for the gap distances of
2C. Hyun, H. Kaur, D. S. McNabb, and J. Li, Nanotechnology 26, 125501 (2015) doi:10.1088/
0957-4484/26/12/125501“ c© IOP Publishing. Reproduced with permission. All Rights reserved” [107].
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15 µm and 30 µm respectively, as shown in Fig. 3.10(b) and (c). DNA molecules attached to
the tip have stretched in different configurations depending upon the separation between the
electrodes. At a gap distance of 9 µm, Fig. 3.10 angle configuration but for the separation of
15 µ and 30 µm the DNA are stretched in straight fashion(Fig. 3.10(b)and (c)). To represent
this more clearly, cross sectional plots of the fluorescence intensity are drawn at the distances
of 4 µm and 8 µm from the tip, which are shown below the respective fluorescent images
of stretched DNA with various gap distances between electrodes. The intensity plot for
Fig 3.10(a) has a broad peak at 4 µm and two peaks at 8 µm below the tip. On the other
hand, for Fig. 3.10 (b) and (c) single peaks are observed in fluorescence intensity plots.
This signifies that DNA are stretched straight between the electrodes when the gap between
the electrodes is more that 15 µm or equivalent/greater than the contour length of λ DNA
molecule.
3.4 Conclusion
In this chapter, I have demonstrated that λ DNA immobilized on a gold coated fiber tip
can be stretched using DEP force. Experimental results show that at a gap distance of
15 µm between the tip and bottom electrode, DNA is stretched to the maximum with an
external AC voltage of ≈ 33 VPP . A highly conductive solution causes Joule heating at low
frequency and at high AC voltage. Hence temperature of solution rises, which results in a
bubble formation near the bottom electrode. The DNA stretching experiments described
in this chapter, give a confirmation that attachment of DNA on the tip via streptavidin-
biotin, is strong enough to perform a nanopore experiment with a tuning fork force sensing
probe tip. More experiments on DFP force calculation were also performed using a Tuning
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fork force sensor and detailed work can be found in reference [107]. It was found that DFP
force used to stretched DNA molecules is about 13 nN [107]. λ DNA stretching has been
performed with magnetic/optical tweezers experiments, and observed that about 10 pN force
is required to stretch a single λ DNA molecule [91, 92]. However COMSOL Multiphysics
simulations for our experimental setup and electrolyte solution predicts ≈ 10 pN DEP force
for a single molecule [107]. Our experimental observation of higher DEP force suggests that
a large number of molecules are tethered to the tip.
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Chapter 4
Estimating binding efficiency of RNAP transcription factor at various positions
on λ phage DNA using Solid-State Nanopores
4.1 Introduction
4.1.1 DNA Protein Interactions
DNA, RNA, and Proteins are essential biomolecules of life. DNA/RNA are polymers consti-
tuted of nucleic acids, proteins are molecular chains made up of amino acid residues. These
biomolecules interact with each other from time to time to carry out various cellular func-
tions, like polymerase enzyme carry out the DNA replication prior to cell division, RecA
protein helps in DNA repair, histones play an important role in chromosome maintenance.
Transcription factor (TF) is a DNA binding protein, which initiates the transcription gene
regulation process. TF binds to specific bases of DNA to transcribe the information from
DNA to messenger RNA (mRNA). Small segments of mRNA are used as blue prints to
produce new proteins via translation process. Interaction between TF and DNA is being
studied with high interest due to its importance in growth processes and in response to en-
vironmental stresses. Any malfunction of TF can result in a progression of various diseases
in humans [108]. In order to understand the cellular functions many techniques in biology
(Footprinting assay, Electrophoretic mobility shift assay, yeast one-hybrid assay and Chro-
matin immunoprecipitation (ChIP) based various techniques) and computer simulations (To
predict the TF based gene regulation) have been developed to unravel interactions between
the DNA and proteins [109]. Various single molecule biophysical techniques have a great
potential to explore an individual DNA protein complex [110, 111]. For example Optical
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tweezers [112], Atomic force microscopy [113], molecular combing [114] and Nano fluidic
devices together with DNA stretching and fluorescence single molecule imaging [115] tech-
niques have been reported to map binding sites of protein on DNA. With an advancement
in the nano-fabrication techniques in combination with single molecule florescence imaging
DNA-protein binding identification mechanism [116–118] and binding kinetics [119] have also
been investigated.
In the past two decades, Biological [12] and Solid state nanopores (SSN) have been well
established as a biosensor to analyze the charged biopolymers like DNA, RNA and pro-
teins [15, 21, 54]. A tremendous amount of work is done to commercialize the nanopore sensor
as a next generation genome sequencer [5, 6]. However, application of the nanopore sensor
is not limited to only DNA sequencing; protein unfolding through biological nanopores [60],
electrical characterization of proteins through SSN [56], fast translocation dynamics for a
wide range of proteins through SSN [120], controlled translocation of proteins through lipid
coated silicon nitride pores [55] have also been investigated with high interest. The capacity
to scan and determine the features on an individual polymer makes the nanopore sensor
a suitable candidate to study the DNA- protein complexes. DNA coated with RecA pro-
teins [61], DNA with discrete patches of RecA [62], a single large protein like RNAP [64, 121]
bound to the DNA template, histone-DNA interaction in single nucleosome [69], protein-
protein interactions [122] and stability of the restriction endonuclease EcoRI- DNA [68] com-
plex have been studied with solid state nanopores. Binding of the restriction enzymes [51, 67],
restriction endonucleases [68], and histones [69] to the DNA molecules have been investi-
gated with Nanopore Force Spectroscopy experiments by voltage driven removal of proteins.
Nanopore experiments combined with optical tweezers set up have been used to explore
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the electrophoretic force on RecA protein assembly along the DNA length [63], transloca-
tion dynamics of the EcoRI-DNA complex [65], single RecA-DNA complex [65] and ligands
bound to DNA [66]. Translocations of the RNAPDNA transcription complexes (RNAP
bound to 820 bp DNA template) through a solid state nanopore, has reported earlier [64].
They studied only one RNAP bound to two kind of DNA templates which were designed
to have RNAP binding sites at different locations [64]. The basic principle of the nanopore
sensor is very simple: When an electric field is applied across the nanopore memberane an
ionic current is measured across the pore, which is known as open pore current, Io. Fig-
ure 4.1 (a) shows the schematics of the experimental setup. When the charged biomolecules
are added to the grounded side of the membrane, temporary current blockages, (∆IB) are
observed, which are known as translocation events. An example of a current trace with
various translocation events is shown in Fig. 4.1(b). We study the interactions between
λ DNA and RNAP at different positions through SSN. E. coli RNA polymerase (RNAP)
enzyme, binds specifically to the DNA, and starts the transcription process to synthesize
the messenger RNA from the template DNA. The RNAP core enzyme is 400 kDa protein
with dimensions 11 nm×16 nm×16 nm, has five subunits (two α, β,β′ and ω), and −69e
net molecular charge [64]. The RNAP core enzyme cannot start the transcription process
because it does not have the capacity to bind DNA specifically. A subunit σ70 (70 kDa)
from the family of sigma transcription initiation factors is required to transcribe the DNA to
mRNA. The transcription factor σ70 binds to a 6 base pairs long specific promoter regions
at −10(TATAAT) and −35(TTGACA) present in DNA (Promoter Sequence is 10 and 35
base pairs away from the transcript initial site) . The core enzyme with σ initiation factor
is known as holoenzyme (RNAP-DNA complex with five subunits is shown in Fig. 4.1(c)).
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Holoenzyme has a 470 kDa molecular weight with an overall size of 12 nm×15 nm×18 nm
and −77e net charge [64]. Holoenzyme can bind specifically to the promoter site and form
a closed RNAP-DNA complex with a length of approximately 50 base pairs. It has been re-
ported earlier that RNAP has two binding sites at 3.6 µm (38003 bp) and 4.4 µm (35602 bp)
on a 16.5 µm (485003 bp)long λ DNA [115]. Apart from these, three weaker binding sites
between 7−9 µm (at about 27649 bp, 25620 bp and 23619 bp) have also been observed [115].
A schematic of five RNAP bound at different positions on λ DNA is shown in Fig. 4.1(d). A
predicted translocation event from a λ DNA and RNAP complex with five units of RNAP
is drawn in Fig. 4.1(d). Ideally, one should expect five subevents with in an event which
correspond to different positions where RNAP binds on λ DNA.
The translocations of formaldehyde cross-linked λ DNA and RNAP complexes have shown
here. Many control experiments like bare RNAP, formaldehyde cross-linked RNAP, bare λ
DNA, and formaldehyde treated λ DNA translocation were also performed. The subevent
analysis for λDNA +RNAPcomplex, λ DNA,and λ DNA with formaldehyde data sets were
performed to extract the subevent start time. Finally, RNAP binding sites on λ DNA were
estimated based on start time of subevent.
4.2 Experimental Setup
Solid state nanopores used in our work were fabricated using the Ion Beam Sculpting pro-
cedure. SiN nanopore is aligned between cis and trans chambers (prepared from PDMS)
and the chambers are filled with an electrolyte, which consists of 1 M KCl and 10 mM Tris,
1 mM EDTA buffer at pH=8.0. Upon the application of electric field across the nanopore
membrane an ionic current measured through a 17 nm by 21 nm size pore was Io = 10.28 pA.
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where σ=11.2 S/m the conductivity of 1 M KCl salt solution, Ap is the area of the nanopore,
V is the applied voltage and Io is the open pore current. For Io = 10.28 pA, Heff can
be estimated as ≈ 36.7 nm for the nanopore of size 17 nm by 21 nm. To investigate the
capacity of nanopore sensors to find binding sites of RNAP transcription factor at different
positions on λDNA, λDNA-RNAP cross-linked complexes [115] are used for translocation. A
cartoon sketch of a λ DNA+RNAPcomplex passing through a nanopore is shown in Fig. 4.1(d).
When negatively charged biomolecules are added to cis side of the membrane, various types
of translocation events are observed as shown in Fig. 4.1(b)(a current trace with various
translocation events).
4.3 Results and Discussion
4.3.1 λ DNA+RNAPcomplex Translocation:
Figure 4.1 (b) represents the translocation events observed due to RNAP and λ DNA com-
plexes at 120 mV. Examples of different types of events are shown in Fig. 4.2. Depending
upon features (peaks observed) within an event, current blockage and dwell time of an event,
these events are categorized into seven types. In Fig. 4.2 each dotted line represents a cur-
rent level of 200 pA. Examples of bare λ DNA molecules with possible folded or unfolded
configurations are shown in Fig. 4.2(a). Bare RNAP molecules translocation corresponds to
the sharp and deeper blockages. Two examples of RNAP events are shown in Fig. 4.2(a).
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Figure 4.1: (a) A schematic drawing of a silicon nitride nanopore immersed in 1 M KCl salt
solution with a mixture of λ DNA with RNAP. (b) Current trace of λ DNA and RNAP
complexes passing through the nanopore of a size 17 nm by 21 nm. (c) A 3D representation
of E.Coli RNAP-DNAcomplex (3IYD pdb file) [123]. Two α subunits are shown in blue,
subunits β and β′ are in dark green and light green respectively, ω is in yellow and σ70
factor is shown in white and purple reflects a DNA strand. (d) A schematic drawing of the
RNAP bound at five possible positions on a 16.5 µm (48, 502 bp) long λ DNA, measured
by fluorescence microscopy ( [64]) and below that an ideal translocation event of λ DNA +
RNAPcomplex is drawn. The multiple subevents present in an event are due to the presence
of the RNAP on λ DNA. Current blockage levels for DNA and RNAP are estimated by ionic
volume exclusion caused by DNA, and RNAP respectively while passing through a nanopore
of given dimensions.
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Figure 4.2(b) shows the three different examples of events with a peak in an event. Peak
current level corresponds to the RNAP level and front and back level corresponds to either
folded or unfolded configuration of DNA. Similarly Fig. 4.2(c), (d), (e), (f) depict the events
with two, three, four, and five peaks in an event respectively. Along with these unique events
huge and longer blockages are observed as shown in Fig. 4.2(g).
To characterize all these events, we defined ∆Imax, maximum current drop in an event. Fig-
ure 4.3 represents ∆Imax versus tdwell scatter plot of all events observed at 120 mV through
a nanopore of size 17 nm by 21 nm. Inset of Fig. 4.3 shows an example of a translocation
event labeled with maximum current blockage ∆Imax, and dwell time for a translocation,
tdwell. In Fig. 4.3(b) scatter plot between ∆Imax and tdwell for the events with no distinct
peak, is superimposed on top of the scatter plot of all observed events. ∆Imax versus tdwell
scatter plot of events having a single peak in an event is shown in Fig. 4.3(c). Similarly,
Fig. 4.3 (c), (d), (e), (f) and (g) show ∆Imax versus tdwell scatter plots of the events con-
taining two, three, four, and five peaks respectively. Figure 4.3(h) represents scatter plot of
large and long blockages. An example of each kind of event is shown in the corresponding
scatter plot.
Current histogram for all events (N=1664) is shown in Fig. 4.4(a), and is fitted with four
Gaussian peaks. First peak is centered at 267.2 pA along with second, third and fourth
peaks centered at 533.9 pA, 800.0 pA and 1383.0 pA respectively. It has been reported
earlier that at 50 mV, core RNAP shows two conductance drops at 5.5 nS (275.0 pA) with
tdwell ≈ 60 µs and 8.7 ns (475.0 pA) with tdwell ≈ 200 µs [64]. These two current drops
were attributed due to different dipole orientations of the RNAP while passing through the
nanopore [64]. For DNA-RNAP complex current drop ≈ 10.5 nS has been reported [64].
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Figure 4.2: Examples of different types of translocation events observed with no peak to
multiple peaks within an event from a 17 nm ×21 nm pore are shown. (a) Bare λ DNA
(folded and unfolded) and bare RNAP events. (b) represents the three events with a single
peak (current level RNAP). (c) shows the events with two peaks. (d) exhibits events with
three peaks. (e) shows the events with four peaks. (f) displays the events with five peaks
(g) displays the long and deep current blockages.
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Figure 4.3: ∆Imax versus tdwell scatter plot of events observed at 120 mV through a nanopore
of size 17 nm by 21 nm. Inset of the plot shows the translocation event with maximum current
blockage, ∆Imax, and dwell time, tdwell. (b) Scatter plot of the bare λ DNA and RNAP events
is plotted above the scatter plot of all observed events. (c) Scatter plot between ∆Imax and
tdwell of events having a single peak within an event is shown above the scatter plot of all
observed events. Similarly ∆Imax versus tdwell scatter plots of the events containing (d) two,
(e) three, (f) four, and (g) five peaks within an event, and are shown above the scatter plot
of all events. (h) shows the scatter plot of large and long blockages. An example for each
kind of event is shown in the corresponding scatter plot.
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As reported earlier, we also estimated the current drop due to RNAP as electrolyte volume
excluded by the molecules while passing through the nanopore. The current drop, ∆I can










where γ is a shape factor, σ is the solution conductivity, Vexcluded is the volume excluded by
translocating molecule, Va is applied voltage, Heff is the effective thickness of the nanopore
and f is the correction factor that depends upon the diameter of pore, dp and diameter of
the molecule, dm. The λ DNA and RNAP complex mixture added on the cis side has ≈ 2.5%
glycerol content as a result conductance of the pore will be reduced and hence current drop
due to translocation. A change in the baseline (open pore current) from 10.275 nA to 9.72 nA
was observed. For a pore of size 17 nm by 21 nm with Heff = 36.7 nm, σ = 9.6 S/m (with
2.5% glycerol in 1 M KCl),and core enzyme volume Vexcluded = 518 nm
3 [64], one should
expect two peaks around 5.4 ns (650 pA) and 7.0 ns (847 pA) for two different shape factors,
1.38 and 1.80 respectively. Also for DNA-RNAP complex region Vexcluded = 737 nm
3 (volume
of holoenzyme + volume DNA length inside pore assuming it is linear) an estimated current
drop (when complex region is passing through the nanopore) is 924 nA or 1205 nA depending
upon the orientation of RNAP. These predicted values suggest the second and third peaks
could be due to the RNAP events. Fourth peak observed in Fig. 4.4(a) may be due to
DNA+RNAP complexes. First peak can be attributed to bare DNA and subunits of RNAP.
Next,The dwell time histogram is plotted for all events in Fig. 4.3. tdwell histogram for all
events shows two peaks, first peak centered at 241 µs and second peak centered at 430 µs
is due to bare DNA and various DNA and RNAP complexes. Second peak in Fig.4.3(a) is
62









where N normalized coefficient, L = LDNA+Heff and LDNA ≈ 16.5 µm for λ DNA molecule,
v is the mean translocation velocity and D is the diffusion constant. The fitting parameters
obtained from least square fitting of the second peak in Fig. 4.4 are v = 29.45 µm/ms and
D = 47.92 µm2/ms. The mean translocation velocity is very high as compared to only λ
molecules (shown in Fig. 3.9(b)). Time histogram does not suggest presence of a large num-
ber of λ DNA molecules. Also, the peaks observed with in an event (observed in different
events as shown in Fig. 4.2) either due to presence of RNAP in the nanopore or due to
interaction between the RNAP and nanopore walls, such that the molecule is just dangling
inside the nanopore volume. It is difficult to infer the binding of RNAP from these type of
events. To overcome this problem, a nanopore of a little larger dimension was used along
with 5% glycerol in 1 M KCl with 10 mM Tris,and 1 mM EDTA buffer at pH=8.0.
Next, a pore of 23.7 nm by 20.4 nm was opened with 1 M KCl and 10 mM Tris,1 mM
EDTA buffer with 5% glycerol at pH=8.0. When electric field is applied across the nanopore
membrane a stable open pore current, Io = 9.1 nA and Irms less than 20 pA was obtained.
RNAP and λ DNA complex were cross-linked with formaldehyde at 4oC for 30 minutes and
were added to the cis side. Similar to current trace Fig. 4.1(b), a broad range of events were
observed. Figure 4.5(a) shows an example of each kind of event and a scatter plot between
average current drop, ∆IB and tdwell for the translocation events of λ DNA+RNAPmixture
is shown in Fig. 4.5(b). By introducing 5% glycerol in salt solution our pore has become
stable for a longer time and events observed with λ DNA+RNAPmixture (Fig. 4.5) are more
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Figure 4.4: (a) Current histogram of all the events observed at 120 mV. Four peaks cor-
respond to bare λ DNA, RNAP subunits, bare RNAP, and various λ DNA and RNAP
complexes. (b) Dwell time histogram of all events observed at 120 mV, which distributes the
events in two peaks. First peak centered at 241 µs corresponds to bare RNAP, and second
displays all events that consists bare λ DNA, and various λ DNA and RNAP complexes.
smoother than events observed with smaller pore Fig. 4.2. We hypothesize that glycerol
had coated the nanopore wall in such a way that these large fluctuations in events have
disappeared. Even though the current blockages values have been greatly reduced by using
larger pores, we could distinguish between the events due to bare DNA and or due to RNAP
bound on DNA in a better way. Hereafter, all the control experiments were performed under
similar conditions.
Figure 4.5(b) shows four different kinds of populations observed with λ DNA+RNAPmixture.
Three populations (RNAPI , RNAPII , and RNAPIII) are attributed due to translocations of
RNAP enzyme and its subunits at 120 mV and a fourth one is assigned to only λ DNA and
λ DNA+RNAPcomplex. Figure 4.5(b) shows ∆IB and tdwell histograms for all populations
and counts are normalized to one for comparison. Events labeled under RNAPI are centered
at 69 pA with 65 µs and another weak peak at 82 pA. RNAPII has two peaks at 106 pA and
118 pA and the corresponding time distribution is very broad with a peak at 65 µs, however
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these events are distributed from 50 µs to 10000 µs. RNAPIII has wide current blockage and
dwell time distributions with peak values at 141 pA and 104 µs respectively. Fourth popu-
lation due to λ DNA and λ DNA+RNAPcomplex has maximum peak at 156 pA along with
small peak at about 170 pA and distributed up to 260 pA. This population has the tdwell dis-
tribution peak at 2.5 ms, typical of λ DNA events. To support the assumption about events
division in four categories, the control experiments of bare RNAP (RNAPbare), formalde-
hyde cross-linked RNAP (RNAPformaldehyde), bare λ DNA (λ DNAbare) and formaldehyde
cross-linked λ DNA (λ DNAformaldehyde) molecules are compared next.
4.3.2 Comparison with RNAPbare and RNAPformaldehyde
The translocations of bare RNAP (RNAPbare) and formaldehyde cross-linked RNAP (RNAPformaldehyde)
molecules were performed through the same pore. Before adding any new sample of molecules
to the cis side, the nanopore was rinsed with plenty of 1 M KCl (5% glycerol) solution
such that no more events were detected. Figure 4.6(b) shows a scatter plot of RNAPbare
and RNAPformaldehyde translocations through a 23.7 nm by 20.4 nm nanopore at 120 mV.
Events observed with RNAPbare are very sharp with mean translocation time of 54 µs and
current blockage is centered at 89 pA and with another small population at 110.0 pA at
74 µs(∆IB and tdwell histograms of RNAPbare events are shown in Fig. 4.6(b)). Few ex-
amples of RNAPbare events are shown in Fig 4.6(a). We performed translocation experi-
ment of RNAP cross-linked with formaldehyde at 4oC for 30 minutes. The scatter plot of
RNAPformaldehyde translocation events is shown in Fig. 4.6(b) along with RNAPbare events.
Interestingly, we observed that RNAPformaldehyde shows three distinct populations of events
as shown in Fig. 4.6(a). ∆IB histogram of RNAPformaldehyde events shows three peaks at
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Figure 4.5: (a) Various kinds of events observed with λ DNA+RNAPmixture through
a 23.7 nm by 20.4 nm pore at 120 mV. (b) Scatter plot between ∆IB and tdwell for
λ DNA+RNAPmixture at 120 mV. Four different kinds of events are observed with λ
DNA+RNAPmixture and are circled as RNAPI , RNAPII , RNAPIII , and λ DNA & λ
DNA+RNAPcomplex. RNAPI , RNAPII , and RNAPIII events are due to core RNAP and
RNAP subunits and forth population is a mixture of λ DNA, and λ DNA bound to RNAP
(λ DNA+RNAPcomplex). The current blockage histograms (left side) and dwell time his-
tograms (above) are plotted for each population, and are normalized to one for comparison.
RNAPI events are centered at 69 pA with small population at 82 pA and dwell time dis-
tribution centered at 55 µs. RNAPII has a broad time distribution and current blockage
has two peaks 106 pA and 118 pA. RNAPIII has a broad ∆IB distribution with a peak at
141 pA with a small population that extends to 250 pA. The mean translocation time for
RNAPIII is 104 µs. The fourth population is typical of λ DNA translocations events, has a
average current drop peak at 156 pA with a mean translocation time of 2.5 ms.
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107.6 pA, 125.8 pA and 147.5 pA respectively and tdwell histogram RNAPformaldehyde events
shows exponential behavior with a peak value of 63.6 µs. We labeled these populations as
RNAPI , RNAPII , and RNAPIII are circled as shown in Fig. 4.6(b). For further comparison,
we plotted normalized ∆IB and tdwell histograms for these populations and are shown in
Fig. 4.6(c). The RNAPI population is centered at 104 pA and events are very sharp with
mean translocation time of 53 µs and this type of events overlap RNAPbare events. RNAPIII
population (499 events) is mainly centered at 175 pA with another population centered at
195 pA as shown in ∆IB histogram of RNAPIII events in Fig. 4.6(d). Figure 4.6(e) shows
tdwell histogram RNAPIII events have a mean translocation time of 110 µs. Again events
under RNAPII (4920 events) population have two peaks 127 pA and 146 pA as shown in
Fig. 4.6(d). It is evident from the scatter plot of RNAPformaldehyde (Fig. 4.6(a)) that RNAPII
events with smaller current blockage has a broad translocation time distribution from 50 µs
to 10000 µs. We also observed translocation events of RNAPbare and RNAPformaldehyde at
60 mV. Interestingly, at 60 mV scatter plot of ∆IB versus tdwell for RNAPbare imbricates
the scatter plot of RNAPformaldehyde events(as shown in Fig. 4.6(c)), contrary to the case of
120 mV, where RNAPbare events cover only RNAPI population (Fig. 4.6(b) and (c)). This
implies RNAPI population observed at 120 mV for RNAPformaldehyde is not observed in case
of RNAPbare and RNAPformaldehyde translocations at 60 mV. It has been reported earlier that
at 50 mV, core RNAP shows two conductance drops at 5.5 nS (275.0 pA) with tdwell ≈ 60 µs
and 8.7 nS (475.0 pA) with tdwell ≈ 200 µs [64]. These two current drops were attributed to
the two different dipole orientations of the RNAP while passing through the nanopore [64].
RNAPbare and RNAPformaldehyde translocations are observed with ≈ 2.5% glycerol content
due to CLB buffer. For a nanopore of size 23.7 nm by 20.4 nm with Heff = 50 nm, σ
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Figure 4.6: (a) Some examples of the translocation events observed with bare RNAP
(RNAPbare) and formaldehyde cross-linked RNAP (RNAPformaldehyde) at 120 mV and 60 mV
are shown respectively (b) Scatter plots between ∆IB and tdwell for RNAPbare, and RNAP
formaldehyde translocations through 23.7 nm by 20.4 nm nanopore at 120 mV. ∆IB his-
tograms and tdwell histograms for RNAPbare and RNAPformaldehyde are plotted to the left
side, and on the top of scatter plot respectively. As compared to bare RNAP molecules
two more populations are observed with RNAPformaldehyde at 120 mV. (c) Scatter plot be-
tween ∆IB and tdwell for the RNAPbare, and RNAPformaldehyde translocations through the
same nanopore at 60 mV. ∆IB histograms and tdwell histograms for the RNAPbare, and
RNAPformaldehyde are plotted to the left side, and on the top of the scatter plot respectively.
At 60 mV, the RNAPbare, and RNAPformaldehyde show mainly two populations. RNAPI
like events observed at 120 mV, are not observed at 60 mV. (d) ∆IB histograms of three
individual populations RNAPI , RNAPII , and RNAPIII (events under different circles in
Fig. 4.6(b)) are plotted for a better comparison for 120 mV.(e) Dwell time distributions
of the RNAPI , and RNAPII decay exponentially, on the other hand, RNAPIII has a peak
around 110 µs. RNAPII population has a broad time distribution.
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=10.6 S/m (with 2.5% glycerol in 1 M KCl), Vexcluded =518 nm
3 for RNAP core enzyme [64],
at 120 mV, one should expect two peaks around 350 pA and 446 pA for two different shape
factors 1.39 and 1.77 respectively. Raillon et. al. reported that at high voltage 200 mV,
along with DNA-RNAP complex various translocation events due to subunits β, β′, and β′σ
(in two orientations)were observed. We also estimated the current blockages due to these
subunits with our nanopore dimensions using Eq. 4.2 at 120 mV. We should see a peak of
118 pA due to β, β′ and for β′σ complex predicted current drops are 214 pA and 292 pA for
shape factors 1.37 and 1.87 respectively. We hypothesize that at 120 mV the observed events
are due to β and β′ subunits with RNAPbare sample. For RNAPformaldehye sample two peaks
of current drop are observed from both RNAPIII(175 pA and 195 pA), and RNAPII (127 pA
and 146 pA), which represents two different orientations of core RNAP and β′σ complex re-
spectively. We propose that the current drop for RNAPI population around 104 pA is due
to β,and β′ subunits. The observed current blockage values are much smaller that predicted
current drops for all the subunits and complexes. This discrepancy between the observed
and estimated current blockages could be due to many factors like actual pore dimensions,
estimated hydrodynamic volume of molecules, ionic fluctuations and use of glycerol (CLB).
Also, 60 mV data for both RNAPbare and RNAPformaldehyde do not show the RNAPI pop-
ulation, which is similar to Raillon et. al. observation at 50 mV where β, β′ events with
DNA-RNAP complex were not observed [64].
4.3.3 Comparison with λ DNAbare and λ DNAformaldehyde
To compare the fourth population observed in Fig. 4.5(b), the control experiments with
the λ DNAbare and λDNAformaldehyde were performed through a nanopore of size 19.5 nm
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Figure 4.7: (a) ∆IB versus tdwell scatter plots for bare λ DNA (λ DNAbare), and formaldehyde
treated λ DNA (λ DNAformaldehyde) translocation events through a 19.5 nm by 15.6 nm
nanopore at 120 mV. Three kinds of events (unfolded, partially folded and completely folded)
are observed with both (λ DNAbare and λ DNAformaldehyde and an example of each kind of
event is shown in the inset. (b) Comparison between ∆IB histograms of the fourth population
observed with λ DNA+ RNAPmixture through 23.7 nm by 20.4 nm nanopore,and λ DNAbare,
and λ DNAformaldehyde (5% glycerol) through a nanopore of size 19.5 nm by 15.6 nm at
120 mV . (c) tdwell histograms of λ DNA+ RNAPmixture, λ DNAbare, and λ DNAformaldehyde
at 120 mV.
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by 15.6 nm with Io = 9.1 nA at 120 mV. The scatter plots between ∆IB and tdwell for
λ DNAbare and λDNAformaldehyde are shown in Fig. 4.7(a) (Each translocation experiment
was performed with 1 M KCL and 5% glycerol, and nanopore was rinsed thoroughly be-
fore adding any new sample). The fourth population appearing in Fig. 4.5 resembles the
scatter plots of Fig. 4.7(a). We further compared current blockage histograms of the fourth
population observed with λ DNA+RNAPmixture (271 events), λ DNAbare (610 events), and λ
DNAformaldehyde(305 events) as shown in Fig. 4.7(b). All the histograms, λDNA+RNAPmixture
(142.6 pA, and 180.6 pA), λ DNAbare (131.8 pA, and 148.6 pA) and λ DNAformaldehyde
(118.7 pA and 140.5 pA) show two peaks of current blockage. It is evident from Fig. 4.7(b)
that formaldehyde cross linked λ DNA has a smaller current drop than λ DNAbare and
the λ DNA+RNAPmixture has the highest current drop among all. λ DNAbare , and λ
DNAformaldehyde trans-locations were performed with 1 M KCl and 5% glycerol, on the
other hand λ DNA+RNAPmixture translocation were performed with 2.5% glycerol. It has
been shown earlier that presence of glycerol in salt solution increases translocation time,
but decreases the current drop value [18]. So an increase in the current drop level of λ
DNA+RNAPmixture could be due to the low concentration of glycerol.
Another point to note here is that second current drop peak amplitude is about 20% of
first peak for both λ DNAbare, and λ DNAformaldehyde, but the amplitude of second peak
is increased to 50% in the case of λ DNA+RNAPmixture. As reported previously, we also
observed three different kinds of events due to unfolded, partially folded and completely
folded configurations of λ DNA as it passed through the nanopore [125], which are shown
in Fig. 4.7(a). First peak is attributed to unfolded events and second is due to the aver-
age of current drop folded and unfolded level of DNA with in an event. We also compared
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first passage time distribution of λ DNA +RNAPmixture, λ DNAbare, and λ DNAformaldehyde
, which is shown in Fig. 4.7(c). All tdwell histograms are fitted with a probability density
function (PDF) given by Eq. 4.3 with Heff = 30 nm for 19 nm x 15 nm pore used for λ
DNAbare and λ DNAformaldehyde translocations. The fitting parameters obtained from least
square fitting for λ DNA +RNAPmixture are v = 2.4 µm/ms, and D = 18.9 µm
2/ms. On the
other hand, least square fits of λ DNAbare and λ DNAformaldehyde produced v = 3.6 µm/ms,
D = 6.4 µm2/ms and v = 2.9 µm/ms, D = 3.8 µm2/ms, respectively. Translocation of
λ DNAformaldehyde has smaller diffusion coefficient and slow mean translocation velocity as
compared to λ DNAbare. Even though the glycerol condition (5%) was same for both λ
DNAbare and λ DNAformaldehyde, the translocation velocity has reduced with the formalde-
hyde addition to λ DNA. While λ DNA +RNAPmixture has relatively small velocity, it has
a larger diffusion coefficient and tdwell distribution is much broader than λ DNAbare and λ
DNAformaldehyde.
The fourth population of Fig. 4.5, is a combination of only λ DNA events (can be folded,
unfolded and partially folded as shown in Fig. 4.7(a)) and λ DNA +RNAPcomplex events
(that contains subevents with in an event). Figure 4.5 (a) shows an example of both of these
events. Typically, three types of events are observed with λ DNA+RNAPcomplex transloca-
tion through the nanopore and are shown in Fig. 4.8, along with the possible configurations
of λ DNA +RNAPcomplex with respect to the nanopore. Events with multiple subevents are
attributed to the λ DNA +RNAPcomplex molecules. Depending upon the different configu-
rations of events, these events were divided into three different types. First type occurred,
when a λ DNA with single RNAP enters the nanopore in unfolded configuration as shown
in Fig. 4.8(a), and stays unfolded during it,s passage. These events have two possible config-
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urations; either λ DNA +RNAPcomplex enters with the RNAP side first or with the RNAP
side at the end. Examples of these two events are shown in Fig. 4.8(a). The second type of
events are when DNA is captured at a different location than its end such that the first part
of the event shows a folded level and the RNAP current drop level follows after that. Two
examples of such events are shown in Fig. 4.8(b). The first event of Fig. 4.8(b) shows that
RNAP level came right after the folded level and the other event depicts the RNAP level
close to it,s exit. Figure 4.8(c) represents the third kind of events, λ DNA+RNAPcomplex is
captured in such a way that the RNAP current blockage level lies within the folded part of
an event. Again, two examples of such events are shown in Fig. 4.8(c), where RNAP level
occurs in the beginning or at the end of the folded level within an event. Next, we separate
out λ DNA and λ DNA+RNAPcomplex events from the λ DNA+RNAPmixture translocation.
Out of 271 events, 137 events are due to only λ DNA and 101 events are due to λ DNA
+RNAPcomplex, and the rest of the events are complicated. These complicated events were
ignored for further analysis. This implies that 42.4%λ DNA binds with RNAP molecule to
form open complexes. We then compared the ∆IB and tdwell histograms for both λ DNA,
and λ DNA +RNAPcomplex events separated from the fourth population of Fig. 4.5(b). For
these events, we took ∆IB as the average current blockages of all the levels within an event.
For λ DNA events, current histogram depicts two peaks at 137 pA and 204 pA, and λ DNA
+RNAPcomplex events has two peaks at 285 pA and 335 pA. That is why the ∆IB histogram
of λ DNA events from λ DNA+RNAPmixture is different than the one observed for λ DNAbare
which is shown in Fig. 4.9(a). We further compared dwell time distribution for λ DNA events
and λ DNA+RNAPcomplex events from λ DNA+RNAPmixture events. The tdwell histogram of
only λ DNA is typical of λ DNA translocation events. The tdwell histogram was fitted with
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Figure 4.8: Examples of the different types of translocation events observed with a peak
within a λ DNA translocation event are shown. (a) Two examples of λ DNA+RNAPcomplex
events with a single RNAP peak in the unfolded DNA level. (b) Second kind of events with
a single peak (current level corresponds to the RNAP) and DNA folded part. RNAP bound
to λ DNA comes after the folded region of the DNA has passed through. (c) Third type of
of λ DNA+RNAPcomplex events, where a RNAP peak occurs within the folded part of DNA
during initial capture.
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PDF from Eq. 4.3 with fitting parameters v = 3.6 µm/ms and D = 9.7 µm2/ms. λ DNA
events separated from the fourth population of λ DNA+RNAPmixture have the same velocity
as λ DNAbare and higher velocity compared to λ DNAformaldehyde. One would expect mean
translocation velocity for only λ DNA events (separated from λ DNA+RNAPmixture) to be
closer to the mean velocity as both the samples were treated with formaldehyde at 4oC for
30 minutes. But the λ DNAformaldehyde translocations were performed with 5% glycerol and
the λ DNA +RNAPmixture sample has 2.5% glycerol when it was transferred to the cis cham-
ber. So an increase in mean translocation velocity of only λ DNA events (separated from λ
DNA+RNAPmixture) is attributed to low glycerol content. On the other hand, the λ DNA
+RNAPcomplex events histogram shows two peaks that are fitted with Gaussian distribution
with the mean translocation times of 2.3 ms and 6.3 ms. This implies that when RNAP
binds to λ DNA, most of the translocations happens faster than only λ DNA events and
some of them are slowed down. Both ∆IB and tdwell histograms for λ DNA+RNAPcomplex
indicate two configurations in which RNAP can bind to λ DNA.
4.3.4 Subevent Analysis
To confirm that these subevents are due to RNAP bound to λ DNA, we compared λ DNA
+RNAPmixture events with λ DNAbare events by finding subevent start time with in an event.
First, two trigger levels below the base line current were chosen to separate out an event
from the raw data file. We choose the third trigger of 780 pA to separate out the subevent
populations within an event as shown in Fig. 4.10. A histogram of the subevent start time,
(trel ), in an event is plotted next. Fig. 4.11 shows three peaks: Two sharp peaks at trel = 0
and at trel = 0.98 and a very broad peak centered at trel=0.3 for λ DNA +RNAPmixture
75
Figure 4.9: (a) Comparison between the current histograms of average current blockage for λ
DNA (which did not bind to RNAP in a λ DNA+ RNAPmixture), and λ DNA+ RNAPcomplex
events observed at 120 mV through a 23.7 nm by 20.4 nm nanopore . Two peaks for λ
DNA correspond to unfolded and partially folded translocations of λ DNA. Histogram of
λ DNA+RNAPcomplex displays two current drop peaks (b) tdwell histograms of the events
without a peak, and with a peak in an event are plotted together for comparison. The
tdwell histogram for λ DNA is fitted with Eq. 4.3, and is centered at 3.3 ms. On the other
hand, tdwell histogram of λ DNA+ RNAPcomplex depicts two peaks centered at 2.7 ms and
6.0 ms.
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Figure 4.10: Scheme for the selection of a subevent from an event.
sample. A very small population distributed from trel = 0.6 to 0.8 is also observed. The
first peak is attributed to the folding of λ DNA during initial capture of the molecule by
a nanopore and corresponds to the partially folded events (similar to the second event of
Fig. 4.7). The other peaks are due to the presence of a protein on the λ DNA. To support this
argument, similar analysis of subevent detection were performed with a trigger at 800 pA for
bare λ DNA data as shown in Fig. 4.10. Trigger level of 800 pA was chosen instead of 780 pA
as current blockage is smaller in case of λ DNAbare as compared to λ DNA +RNAPmixture
events (as shown in Fig 4.7(b)). In contrast to λDNA +RNAPmixture, λ DNAbare shows only
a single peak at trel = 0 due to folding of the DNA molecule while entering the nanopore as
shown in Fig. 4.11. Counts are normalized to one for comparison in a single graph. One can
argue that formaldehyde could also induce some structural changes like loops inside λ DNA,
resulting in observations of subevents within an event. As We had observed a decrease in
the current drop and an increase in dwell time of λ DNAformaldehyde translocation compared
to λDNAbare (Fig. 4.7(b) and (c)). We then, performed a subevent analysis with trigger at
800 pA on λ DNAformaldehyde translocation data, and Fig. 4.11 shows a single sharp peak
at trel = 0 and a very small population with subevent at other positions for the subevent
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Figure 4.11: Relative subevent start time for λ DNA+ RNAPcomplex, λ DNAformaldehyde and
λ DNAbare is compared. Relative subevent start time histogram for λ DNA+ RNAPcomplex
shows three peaks at trel = 0, trel = 0.3 and trel = 0.9. However, relative subevent start time
histogram for λ DNAformaldehyde and λ DNAbare centered at trel = 0. λ DNAformaldehyde has
a little population at other trel values but for λ DNAbare, it is almost negligible.
start time histogram. All these control experiments with bare λ DNA and λ DNAformaldehyde
supplement our argument that subevent population is due to the binding of the RNAP at
different positions on λ DNA. Next, we have plotted a ∆IB histogram (Fig. 4.12(a)) of a
RNAP current drop level within λ DNA+RNAPcomplex event and have found that RNAP
level mainly centered at 432 pA or 605 pA. Two different types of current blockage levels
imply that RNAP can bind in two different orientations to the DNA molecule. Next, we have
shown a dwell time histogram (Fig. 4.12(b)) for RNAP subevents in λ DNA+RNAPcomplex.
Dwell time for RNAP subevents is mostly around 143 µs with a smaller population around
500 µs.
4.3.5 Relative position of RNAP on DNA
Now, we estimate the relative position, xrel of RNAP on λ DNA. As explained earlier,
λ DNA+RNAPcomplex events are mainly of three kinds (Fig. 4.8). For first type events
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Figure 4.12: (a) Current histogram of RNAP level observed in λ DNA + RNAPcomplex event.
(b) tdwell histogram of RNAP subevent observed in λ DNA + RNAPcomplex event.
(Fig. 4.8(a)), we followed the same scheme as used by [126] to calculate xrel= tp/(td1+td2).
Here tp, is time from beginning of an event to the center of the RNAP subevent, td1 and
td2 (Fig. 4.8(a)) are the time taken by unfolded DNA level before and after the RNAP
subevent, respectively. Out of 101 λ DNA+RNAPcomplex events, 24 events are of first kind.
Figure. 4.13(a) is a xrel histogram of the first kind λ DNA+RNAPcomplex events, which shows
two peaks at xrel = 0.22 and 0.85. These positions correspond to 3.56 µm and 14.03 µm on a
16.5 µm long λ DNA molecule. To find the relative position of RNAP in the folded events like
Fig. 4.8(b) and(c), we assumed that translocation speed of λ DNA+RNAPcomplex is constant
through out its passage through the nanopore, so that we can double dwell time of the DNA
folded level (tfd). We estimated xrel= tp/(2tfd1+td1+td2) and xrel= tp/(2(tfd1+td1)+td2) for
second (Fig. 4.8(b)), and third (Fig. 4.8(c)) events respectively. The xrel histograms for
the second and third kind of λ DNA+RNAPcomplex events are shown in Fig. 4.13(b) and
4.13(c), respectively. The xrel histogram for the second kind of events shows three peaks
at 0.25, 0.53 and 0.93, which imply the possible RNAP binding positions around 4.07 µm,
8.74 µm, and 15.40 µm. Figure 4.13(c) also depicts two binding sites for RNAP at 1.13 µm
and 3.76 µm from the third kind of events. Recently, it has been reported with nanofluidics
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Figure 4.13: (a) Histogram of the estimated xrel position from the first kindλ
DNA+RNAPcomplex events. It shows two peaks around 3.56 µm and 14.03 µm. (b) His-
togram of the estimated xrel position from the second kind of events. It depicts the relative
position of RNAP on λ DNA at 4.07 µm, 8.75 µm and 15.40 µm. (c) Estimated positions
of RNAP from third type of λ DNA+RNAPcomplex events are about 1.13 µm and 3.76 µm.
and single molecule fluorescence experiments that along with two promoter sites of RNAP
at 3.3 µm and 4.4 µm, λ DNA has three more pseudo promoter sites between 7−9 µm [115].
The first peak from Fig. 4.13(a), 4.13(b) and second peak in Fig. 4.13(b) correspond to the
promoter binding sites at 3.3 µm and 4.4 µm. The second peak of Fig. 4.13(b) around
8.76 µm corresponds to pseudo promoter sites. Finally, the second peak of Fig. 4.13(a),
and third of Fig. 4.13(b) are attributed to the capture of λ DNA+RNAPcomplex in opposite
orientation, hence RNAP level shows up at the end of an event. Or we can say that the
second peak of Fig. 4.13(a), and third of Fig. 4.13(b) are equivalent to the position 2.47 µm
and 1.1 µm respectively. These values are are far away from promoter and pseudo-promoter
sites. It has been observed that velocity of DNA increases towards the end of its translocation
consistent with the fact that less drag forces are proposed by the DNA towards the end of an
event [127]. This huge change in position is observed when DNA enters the nanopore with
an opposite orientation. This could be attributed to the quick exit of the DNA at the end, as
a result, temporal resolution to find a specific RNAP binding site has huge error. Also, the
xrel histogram of third kind of events shows a maximum number of events with 1.13 µm as
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one of the binding sites. These events are similar to the first event of Fig. 4.8(c), when DNA
is captured such that RNAP level occurs within the first folded level. These kind of events
suggest the wrapping of DNA around protein consistent with what has been observed with
fluid tapping mode Atomic Force Microscopy experiments [128]. RNAP winds up around
DNA to form open complexes before starting transcription [128].
Finally, we a plotted histogram by combining all the data sets of Fig. 4.13 with respect to
DNA length. We obtained four peaks at x1 = 1.04 µm, x2 = 3.83 µm, x3 = 8.00 µm, and
x4 = 15.74 µm as shown in Fig. 4.14. The main peak at 3.83 µm ±1.08 µm (37243 bp
±3180 bp), corresponds to actual promoter regions 38003 bp and 35602 bp of λ DNA. The
width of this peak includes both promoter sites. The peak at 8.0 µm ±5.35 µm (24985 bp
±15726 bp) is due to pseudo promoter regions at 27649 bp, 25620 bp and 23619 bp of RNAP
on λ DNA. The peak at 1.04 µm ±0.5 µm (45444 bp ±1039 bp) is a result of quick capture
of DNA+RNAPcomplex with RNAP level in the folded part of DNA (for example first event
in both Fig. 4.8(c)). The peak at 15.72 µm ±0.5µm (2292 bp ±1039 bp) is due to the
capture of DNA in its opposite orientation, but corresponds to the peak at 3.83 µm. As
reported earlier, DNA speeds up at the end of its journey in the nanopore [127], as a result,
peak obtained at 2292 bp does not provide actual binding site (it should be at 11000 bp)
with an assumption of constant translocation speed. The second major peak at 8 µm is
very broad. As pseudo promoter sites are approximately at the middle of λ DNA length
so DNA. Temporal resolution of the nanopore sensor is not good enough to separate out
individual promoter and pseudo promoter positions, but width of two main peaks includes
all the possible binding sites.
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Figure 4.14: (a) A sketch for RNAP bound on five possible positions (two promoter sites:
3.6 µm (38003 bp), and 4.4 µm (35602 bp) and three pseudo promoter sites between 7−9 µm
(at about 27649 bp, 25620 bp and 23619 bp))on a 16.5 µm (48, 502 bp) long λ DNA as
reported previously [115]. (b) Estimated positions of RNAP bound on λ DNA using the solid
state nanopore. RNAP has maximum tendency to bind at 3.83 µm (37243 bp) followed by
another site at 8.00 µm (27243 bp). Another peak at 15.74 µm (2095 bp) is due to capture
of molecules in opposite orientation by nanopore and is basically counter part of 37243 bp




In conclusion, Nanopore analysis is a handy tool to study the statistics of the binding ten-
dency of transcription factor or other proteins at different positions on long DNA molecules.
We observe that in CLB buffer, the probability of RNAP molecule to bind a λ DNA molecule
to make open complex is 42%. From the distinct current blockage signals, one can estimate
the position of RNAP on a λ DNA molecule. Our data shows that RNAP has a high ten-
dency to bind around 38390 bp ±4639 bp followed by a second site at 25920 bp ±3536 bp.
However, these positions include two promoter regions and three pseudo promoter sites, re-
spectively. Nanopore sensor with native setup can not distinguish between the individual
RNAP binding site.
4.5 Materials and Methods
4.5.1 Nanopore Fabrication
The nanopores used for this work were fabricated using Ion Beam Sculpting (IBS) technique
with diameter sizes ranging from 20 nm to25 nm. IBS fabrication details are explained
elsewhere [84]. Briefly, a 380 µm thick silicon wafer with 275 nm Low pressure chemical
vapor deposition (LPCVD) of SiNx (low tensile, silicon rich and amorphous) on both sides,
were used to fabricate a free SiNx membrane. Next, a high energy (50 keV Ga
+) focused
ion beam (FIB) was used to drill a 100 nm hole in the free standing membrane. Then, a
3 mm∗3 mm single chip with a FIB pore was loaded into an Ion Beam Sculpting apparatus,
where a 3 keV He+ ion beam was guided normally to SiNx surface with a flux of about 1
ion/nm2sec. Electrostatic lens systems were used to focus the ions that passed through the
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FIB hole on the Channeltron style single ion detector. When ion beam strikes above the
FIB hole surface, it brings out the lateral mass flow that eventually shrinks the top of the
hole. As the hole size gets smaller, the number of ions passing through it also decreases.
With the known initial area of FIB (measured with TEM) and assuming that nanopore area
is proportional to the number of the ions passing through the hole, the beam was deflected
away using LabVIEW controlled feedback system when the final size of the nanopore was
achieved. Next, nanopores were annealed at 800oC for 1 hour in dry N2 in a tube furnace.
To measure the actual size, pores were imaged under TEM.
4.5.2 Open pore Current and Current drop measurement
Nanopores were first soaked for 15 minutes in acetone, 15 minutes in ethanol and finally
stored in 20% ethanol for a few hours. The nanopore chip was then aligned between two
≈ 40 µl chambers containing 1 M KCl,10 mM Tris, and 1 mM EDTA at pH 8.0 solution. The
salt solution was filtered with 20 nm filter and degassed at 40oC. These chambers were made
up of poly-dimythyl-siloxane (PDMS) as explained elsewhere [129]. The Ag/AgCl electrodes
were immersed in both the chambers. The whole system was placed in the vibration isolated
Faraday cage. An Axopatch 200B and digidata 1322A combined system was used to apply
the DC voltage and to measure the current across the nanopore. Signals were filtered at
10 kHz using low pass Bessel filtered and sampled at the rate of 200 kHz. All the nanopore




20 µl of 10 nM RNAP holoenzyme (New England Biolabs) in 1X CLB buffer (0.05 M HEPES
pH = 8.0, 0.1 M NaCl, 5 mM MgCl2 and 5% glycerol) was mixed with 20 µl of 2M KCl
having 20 mM Tris and 2mM EDTA solution at pH = 8, such that final concentration of
RNAP was 5 nM with 1 M KCl and 2.5% glycerol.
RNAPformaldehyde
20 µl of 10 nM RNAP holoenzyme in 1X CLB buffer (0.05 M HEPES pH = 8, 0.1 M NaCl,
5 mM MgCl2 and 5% glycerol) was mixed with 1 µl of 37% formaldehyde and was kept at
4oC for 30 mins. After that, 20 µl of 2M KCl with 20 mM Tris and 2mM EDTA at pH = 8
was added, so that final concentration of RNAPformaldehyde was 5 nM with 1M KCl and 2.5%
glycerol.
λ DNAbare
14 µl of 15 nM λ DNA was mixed with 6 µl of DI H2O and 2 M KCl with 10% glycerol. λ
DNAbare concentration was 5 nM in 1 M KCl with 5% glycerol.
λ DNAformaldehyde
20 µl of 15 nM λ DNA, 6µl of 5X CLB (0.25 M HEPES pH = 8, 0.5 M NaCl, 25mM
MgCl2 and 25% glycerol), 2 µl of formaldehyde and 2µl of DI H2O, mixture was kept at 4
oC
for 30 mintues. 20 µl of this reaction mixture was mixed with 2 M KCl( 20 mM Tris and
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2mM EDTA) with 5% glycerol at pH=8, such that the final mixture had 5 nM λ DNA in
1 M KCl and 5% glycerol.
λ DNA+RNAPmixture
We followed the protocol obtained by Sriram .et.al to prepare λ DNA and RNAP cross linked
complexes. [115]. 30 µl of reaction mixture was prepared by mixing 10 µl of 15 nM λ DNA
(New England Bioloabs), 2 µl of 450 nM RNAP holoenzyme (100% saturated with New
England Bioloabs), 6 µl of 5X CLB buffer (0.25 M HEPES pH = 8, 0.5 M NaCl, 25 mM
MgCl2 and 25% glycerol) and 12µl of purified DI H2O. This reaction mixture was incubated
for 15 minutes at 37oC. Finally, 2 µl of 37% formaldehyde was added to reaction mixture at
4oC for 30 minutes. After 30 minutes, 20 µl of the reaction mixture was mixed with 2 M
KCl (20 mM Tris and 2mM EDTA) and was immediately transferred to the cis side of the
nanopore system for a free translocation experiment.
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Chapter 5
Sensing transcription factor binding sites on DNA with SSN-TFFSP apparatus
5.1 Introduction
Transcription factor (TF) is an important enzyme that specifically binds on DNA and starts
the transcription process to synthesize RNA from the DNA molecule. The binding of TF at
a specific position on the genome is of key importance as it reveals gene regulation processes
in cell life. Many theoretical models like Hidden Markov Models, Positional Weight Matri-
ces have been proposed by computational biologists to predict transcription factor binding
sites (TFBS) [130]. Many single molecule experimental approaches have also been designed
to study initial interactions between TF and DNA. These techniques include AFM [113],
Optical tweezers [112], nanofludics combined with fluorescence microscopy [115–118] and
nanopore sensors [126, 131].
Nanopore detection of TF, Zinc finger(Zif268) binding sites has been demonstrated re-
cently [126]. Depending upon the current blockage peaks, specificity of binding has been
predicted. Another report has discussed binding position of antibody on λ DNA using
nanopore sensors [131]. Likewise in Chapter 3, we have discussed the binding efficiency and
an estimation of RNAP binding sites on λ DNA molecules. As discussed previously, it is
difficult to identify exact binding sites using traditional nanopore set up as DNA accelerates
towards the end of its exit from a nanopore and also can enter pore in any possible orienta-
tion. In this chapter, we demonstrate mapping of binding sites of RNAP holoenzyme of λ
DNA molecule using SSN-TFFSP system. We have discussed the advantages of SSN-TFFSP
system over native nanopore set up to control the translocation speed of DNA while passing
87
through nanopore and orientation of complex capture is fixed, as it depends on the design of
the molecule. The slow translocation rate > 100 µs per base obtained with SSN-TFFSP [47]
could provide enough resolution to detect individual binding sites with high accuracy. We
will discuss the capture of DNA and RNAP complex and trapping of single RNAP inside
the nanopore. To explore the dynamics of RNAP inside the nanopore, we study the current
power spectral density. Finally, we show resolution limit of SSN-TFFSP system to sense
binding sites of RNAP on λ DNA and compare it with the other techniques.
5.2 Experimental Setup
The experimental setup of SSN-TFFSP apparatus is discussed extensively in Chapter 2.
Briefly, a biotin labeled oligomer was first ligated to one end of λDNA and then λDNA+RNAP
complex was prepared as explained in the preparation section of Chapter 4. Finally, the
DNA-protein complex was attached to a probe tip via streptavidin-biotin interaction as ex-
plained in Chapter 3. The DNA-protein complex tethered tip was brought above the cis side
of nanopore set up and was immersed in 1 M KCl salt solution. The tip was aligned above
the nanopore membrane and moved down. Once tip approaches near the nanopore surface,
the electric field across the nanopore captures the complex molecule. A schematic of the
experimental set up is shown in Fig. 5.1.
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Figure 5.1: A schematic drawing for the experimental setup of a controlled translocation of
λ DNA+RNAPcomplex with SSN-TFFSP apparatus. SSN is aligned between PDMS fluidic
chambers, and λ DNA+RNAPcomplex are tethered to tip. Tip with complex molecules is
brought inside the cis chamber. The DNA-tethered tip is attached to a tuning fork. The
tuning fork is connected to a piezo actuator to excite the tuning fork at its resonance fre-
quency . The tuning fork setup is connected to a nanopositioner for the positional control of
tip. A lock-in amplifier is connected to the piezo actuator for excitation and a pre amplifier
is used to amplify the signal 1000 times. The output signal of tuning fork after amplification
is observed with the lock-in amplifier. Objective lens and CCD camera are located under
the fluidic chambers for the tip and nanopore alignment.
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5.3 Results and Discussion
5.3.1 Mapping RNAP position on λ DNA
Similar to the results described in Chapter 2, Fig. 5.2 shows three signals: Ionic current
from solid state nanopore of size 17 nm×21 nm with 1M KCl at 120 mV, z position of tip
above the nanopore and vibrational signal from tuning fork force sensing probe tip recorded
simultaneously using an Axopatch system with a sampling frequency of 50 kHz . Initially,
we observed an open pore current of 11.3 nA at 120 mV from this nanopore. Later on,
the ionic current has increased to 16 nA at 120 mV and is attributed to an increase in
size of the nanopore over time which has been characterized well previously [132]. This
final open pore current corresponds to a nanopore of diameter 26 nm approximately. At
t=0 s, tip is 32.40 µm away from SiN membrane and is moved downward. When tip is
about 1.76 µm above the nanopore a drop of 229 pA in ionic current is observed, as tip is
moved further down current decreases with multiple levels. When tip touches the membrane
(corresponds to vertical line (II)) vibrational amplitude of probe tip decreases sharply as
shown in Fig. 5.2(c) and is used as a feedback to stop further downward movement of tip.
When tip has approached SiN membrane, a final current drop of 1428 pA is recorded. When
current level has become stable after multiple drops, tip is lifted up slowly with a step of
50 nm and the current level started increasing. Interestingly, when tip is lifted to about
6.9 µm another drop of 250 pA in the current signal is observed. When tip is lifted up
to 15.9 µm away, DNA molecules are completely released from the nanopore and the ionic
current has obtained its value close to initial Io.
As discussed in Chapter 2, when a single λ DNA molecule was trapped inside the nanopore
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Figure 5.2: (a) Current measured from 17 nm by 21 nm pore at 120 mV with 1 M KCl, (b)
vertical position of the tip, and (c) vibration signal from the tip attached to a tuning fork
versus time measured simultaneously by the Axopatch, when the tip is approaching or being
lifted from nanopore. A bundle of molecules are trapped inside the pore. A current drop of
≈ 250 pA is observed at about 6.9 µm while lifting the tip. When tip is at 15.9 µm away
from nanopore, DNA are completely out of nanopore,s electric field.
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or pulled out of nanopore a drop of ≈ 60 pA was observed at 60 mV of applied voltage.
During this experiment, when the tip is brought down at 60 mV voltage across the nanopore
a current drop of 119 pA is observed at 1.2 µm away from the nanopore membrane (Fig. 5.3.
When the tip is close to the membrane at (II) vibrational amplitude drops (Fig. 5.3(c)) and
further movement of the tip is ceased. At this point, current drop has reached to a value of
299 pA. When the tip has started moving up from (III) current drop has reduced to 119 pA
and it is constant up to 9.0 µm. Finally, DNA exits with a current recovery step of 43 pA
and ionic current reaches its original value. A current drop of 119 pA suggests trapping of
two DNA molecules as a single trapped DNA results in a ≈ 60 pA drop. A drop of 299 pA
between (II) and (III) corresponds to 5 DNA captured by the nanopore. DNA release step
of 43 pA also advocates the presence of two DNA molecules because current recovery steps
predicted from COMSOL simulation (as shown in Chapter 2) also has a value of ≈ 25 pA.
The contour length of λ DNA is 16.5 µm so current drop level should persist until tip is
lifted about 16 µm as observed in Fig 2.8 but we observe a drop of 119 pA for 9.0 µm only.
This suggests that either the tip is away from the nanopore such that full λ DNA length is
not captured or DNA is not stretched completely by the electric field across the nanopore
or DNA molecule is not attached at the end of the tip.
Next, we explain traces obtained at 120 mV (Fig. 5.2(a)) at different tip positions in detail as
shown in Fig. 5.4. According to 60 mV data, one should expect double current drop of about
120 pA at 120 mV with a single molecule captured inside the pore. In this case when the tip
is close to the membrane, we observed initial current drop of 229 pA followed by multiple
current drop levels with a final value of 1428 pA. This current value suggests capture of
two DNA in the beginning followed by capture of 10 more DNA molecules compared to the
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Figure 5.3: (a) Current measured from 17 nm by 21 nm pore at 60 mV with 1 M KCl,
(b) vertical position of tip, and (c) vibration signal from tip attached to tuning fork versus
time measured simultaneously by Axopatch when tip is approaching or being lifted from
nanopore. While tip is moving down a current drop of 119 pA is observed at 1.2 µm away
from membrane. This drop of 119 pA is constant until the tip has lifted to 9.0 µm above
the membrane.
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Figure 5.4: (a) Current measured from a 17 nm by 21 nm pore at 120 mV with 1 M KCl,
and (b) vertical position of the tip versus time measured simultaneously by an Axopatch,
when tip is approaching or being lifted from nanopore. A bundle of molecules are trapped
inside the pore. While lifting up the tip a drop at about 6.9 µm is observed. When tip is at
15.9 µm away from nanopore, DNA are completely out of the nanopore electric field.
60 mV case (Fig. 5.3) and is due to larger force experienced by DNA at 120 mV. While
pulling up tip, we observed several current recovery steps depending upon the capture of
DNA molecules from different lengths. When tip is lifted up 5.35 µm current drop has
decreased to 970 pA reflecting 8 DNA molecules left inside. When the tip has reached
8.25 µm above the nanopore, current drop has a value of 516 pA leaving 4 DNA inside
the pore. At 10.25 µm, only two DNA are left inside the nanopore. The current blockage
due to 2 DNA persists up to 15.9 µm which is equivalent to the length of the λ DNA
molecule. Finally, current recovery step of 92 pA is observed, which is consistent with twice
the value of the current recovery step observed at 60 mV shown in Fig. 5.3. The current
drop observed at ≈ 6.9 µm in Fig. 5.2(a) has reoccurred several times when tip was brought
in and lifted out. Next figure (Fig. 5.5) shows ionic current signal (Fig. 5.5(a), (b), and (c))
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Figure 5.5: (a) Current blockage signal, and (a′) position of the tip, when first tip is being
lifted up. (b) Current blockage signal, and (b′) position of the tip, where same tip is lifted
up second time.(c) Current blockage signal and (c′) position of the same tip, while it is being
pulled out for third time. All the traces show a unique current drop of 250 pA at ≈ 7 µm.
and corresponding position of tip while being pulled out(Fig. 5.5(a′), (b′), and (c′)) for three
consecutive approaches above the same pore. In all the current traces, we observed a unique
current drop when tip has lifted up to ≈ 7 µm above the nanopore membrane. This current
drop is due to RNAP bound on one of λ DNA trapped inside the nanopore. As discussed in
Chapter 4, RNAP can bind on five different positions (two promoter sites 3.6 µm, 4.4 µm
and three pseudo promoter sites between (7− 9 µm)) on the λ DNA molecule [115]. Hence,
current drop at about 7 µm reflects RNAP bound to one of the pseudo promoter sites.
We performed another experiment with λ DNA and RNAP complex molecules attached to
tip and with a nanopore of diameter 24.5 nm. The nanopore used for this experiment are
of different geometry, nanopore fabrication process is discussed here [133]. This nanopore
has a ≈ 2− 5 µm opening circle milled by Focused Ion Beam on the top surface followed by
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1 µm long cavity created by etching SiO2 and finally TEM nanopore was drilled in 20 nm
thin SiN membrane at the bottom. These nanopores were observed to give a current drop
of 200 pA at 100 mV with free λ DNA translocation [125, 133]. Figure 5.6(a) shows the
current signal when DNA and protein complex is captured initially and tip is close to the
membrane at (I) and amplitude of tip vibration is at the minimum (Fig. 5.6(c)). Once the
molecule is captured completely tip is lifted up from (II), current drop value has decreased
from 500 pA to 250 pA as shown in Fig. 5.6(b) and is constant until tip is lifted to 19.5 µm
close to the contour length of λ DNA. We observed a current recovery step of 43 pA before
DNA exits from the nanopore electric field effect. As reported previously, during the λ DNA
translocation through this type of nanopore, a current blockage of 250 pA is expected from
a single λ DNA molecule at 120 mV. Similar to Fig. 5.2, we again observed two distinct
current drops of ≈ 150 pA when tip is at 3.6 µm and 4.5 µm above the nanopore membrane
as shown in Fig. 5.6. These positions are consistent with two promoter sites of RNAP on λ
DNA.
5.3.2 Current Fluctuations while trapping
Along with a drop in current at ≈ 7 µm in Fig. 5.2(a) while lifting up tip, we have also
observed fluctuations in current signal. These current fluctuations were measured when
a molecule is trapped inside the nanopore, and can describe information about dynamics
of protein bound to DNA inside the nanopore. Zoomed in view of current drop signal at
6.9 µm in Fig. 5.2(a) and at 3.6 µm and 4.5 µm in Fig. 5.6(a) are shown in Fig. 5.7(a),
(b), and (c) respectively. Figure 5.7(a′), (b′), and (c′) show the corresponding position of
the tip when protein is near the nanopore. It is evident from Fig. 5.7(a) and (a′) that these
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Figure 5.6: (a) Current measured from a 25 nm by 24 nm pore at 120 mV with 1 M KCl,
(b) vertical position of the tip, and (c) vibration signal from the tip attached to a tuning
fork versus time measured simultaneously by an Axopatch, starting with tip being close to
nanopore membrane for 50 s and is being lifted afterwards. At 120 mV, DNA+ RNAPcomplex
is trapped by nanopore when the tip is standing above the nanopore as a result current drop
up to 500 pA occurs. When we start lifting up the tip, two current drops at 3.6 µm and
4.5 µm are observed. When the tip has lifted to 19.5 µm above from nanopore, DNA is
released from the nanopore completely and current gets back to its original value.
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Figure 5.7: (a) Zoomed in view of current blockage signal observed at 6.9 µm shown in
Fig. 5.2(a) while pulling the DNA+RNAPcomplex from the nanopore. (a
′) Corresponding
vertical position of the tip while moving up. (b) Zoomed in view of current drop signal
observed at 3.6 µm in Fig. 5.6(a) while pulling out DNA+RNAPcomplex attached to tip. (b
′)
Vertical position of tip relative to current signal plotted in (b). (c) and (c′) are the zoomed
in view of the current signal and position of the tip for the current drop seen at 4.5 µm in
Fig. 5.6(a).
current fluctuations caused by protein last for 150 nm (three upward steps of tip) while
moving the tip away from the pore. Similarly current fluctuations shown in Fig. 5.7(b) and
(c) were observed for the tip movement of 25 nm, and 125 nm respectively. The possible
cause of current variations in Fig. 5.7(a) and (b) could be the vibration of RNAP bound
on DNA molecule. However, variation in current block shown in Fig. 5.7(c) could be due
to interactions between RNAP and pore walls or different binding orientation of RNAP
on DNA, as a result we observe a broad current blockage instead of short square pulse
type fluctuations observed in Fig. 5.7(a) and (b). In past, ionic current fluctuations were
studied to explain permeation of sugar [134, 135], ATP [136] and antibiotic [137] molecules
through biological pores. Protonation kinetics in an open α toxin protein have been revealed
through current noise measurements [138]. To explore these fluctuations in a better way,
we need to understand the statistical fluctuations or noise observed in the nanopore current
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measurements and sources that contribute to these fluctuations.
5.3.3 Noise observed in Solid state nanopores
Current noise in solid state and graphene nanopores is explained very well previously [129,
139, 140]. Current noise measured in nanopores is characterized by examining the current
power spectral density (PSD) of the measured current signal. PSD is a measure of power
intensity of a signal in the frequency domain and is calculated from the Fourier transform
of measured signal. To define it more specifically, let us assume I(tn) measurement of the
current signal made at discrete time intervals tn (where n=0,1,2...N-1 ) with a step size δt.
Total time interval over which data is measured is defined by T, where T=Nδt. The discrete






where k = 0, 1, 2...N − 1 denote discrete frequency space intervals. Power spectral density





PSD of a current trace measured from 17 nm by 21 nm pore at 120 mV with 1 M KCl
salt solution is plotted in Fig. 5.8 and is estimated by dividing the data set I(tn) in to m
adjacent segments and calculated PSD for each segment, which are averaged together. It
is shown earlier that high frequency current power spectral density is described well by the
Johnson Noise of the electrical circuit of nanopore combined with the Axopatch system and
low frequency regime has shown to have 1/f noise behavior [139].
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5.3.4 Johnson Noise or Thermal Noise
Johnson Noise is an electric noise due to thermal commotion of charge carriers inside a
conductor at equilibrium [141]. It was measured first by John B. Johnson in 1928 [141]
and was explained by Nyquist [142]. Johnson observed that voltage noise for any resistor
is proportional to temperature and resistance [141]. For electrical circuits involving RC
network voltage noise can be related to net Impedance (Z) or admittance (Y) of the circuit.





where kB is the Boltzmann constant, T is the temperature and Y is the admittance of the
circuit. Finally, the current power spectral density can be written as [143],
SI = |Y |2SV (5.4)
The current power spectral density can be calculated from nanopore admittance. The
nanopore in a thin membrane is equivalent to a capacitor (Cm) in parallel with resistance
of the pore Rp [144]. Non ideal behavior of the nanopore capacitance has been shown to
have an impact on measured noise during nanopore experiments [139] and can be modeled
by taking into account an admittance in parallel with nanopore capacitance as shown in
Fig. 5.8(a) and is given by the equation,
Yloss = ωCpD = ωCmtanδ (5.5)
where D is the dielectric loss and is equivalent to tangent of dissipation factor. This RC
circuit is in series with resistance, R∞, a resistance between the nanopore and electrodes.
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The value of Rp is measured from the slope of IV curve of a nanopore. An example of IV
curve for 17 nm by 21 nm nanopore is shown in Fig. 5.8(b) with a slope of 81.82 nS and
hence Rp = 12 MΩ. Smeets. et. al estimated the value of Cm and R∞ by observing the
current response at 40 mV voltage jump with a membrane without a nanopore inside it [139].
The loss tangent value is reported to 0.27 for SiNx/SiO2 membranes with nanopore [139].
We estimated Cp = 256 pF with R∞ = 35 kΩ. Using these values, current power spectral
density calculated from Johnson Noise is plotted against frequency in Fig 5.8(c) on top of
the measured current PSD form 17 nm ×21 nm. It is clear from Fig. 5.8(c) that Johnson
Noise of nanopore circuit contributes in higher frequency range 400 Hz−10 kHz. Johnson
Noise from RC feedback circuit and resistance of operational amplifier used in the Axopatch
200B system is also shown to have contribution in the higher frequency range [139].
5.3.5 1/f Noise
Low frequency current power spectral density observed in nanopore open current cannot
be described by Johnson Noise. In earlier reports, low frequency fluctuations observed in
nanopore current signal are modeled by 1/f noise [139, 145–149]. 1/f noise is generally
referred to noise whose power spectral density is of the form S ∝ 1/fα where 0 < α < 2.
Smeets.et.al used phenomenological relation for low frequency proposed by Hooge [139].
According to Hooge’s experimental work PSD is inversely proportional to the number of
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Figure 5.8: (a) An equivalent RC circuit for a nanopore. Rp is the resistance of nanopore is
≈ 10 MΩ, Cm is capacitance of SiN membrane is typically > 10 pF and R∞ access resistance
away from pore is of the order of 10 kΩ. (b) Current voltage characteristics of a 17 nm by
21 nm nanopore. Nanopore shows a linear I-V dependence and a straight line fit gives a
slope of 81.87 nS (c) A plot between current Power Spectral Density (PSD) versus frequency
for a open pore current signal from a nanopore of dimension 17 nm by 21 nm. A theoretical
estimation of PSD calculated from Johnson Noise of the nanopore RC circuit (dotted line)
and total theoretical estimation of power spectrum calculated by combining 1/f noise and
Johnson Noise (solid line) is plotted on top.
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where I is the current measured through the nanopore, α is called Hooge’s parameter. We
fit current PSD region below 400 Hz with Eq. 5.7 with I = 10287 pA Nc = 2.5 × 104 and
obtained value of Hooge’s parameter α = 3× 10−4, is of same order as reported earlier [139].
Next, we plotted the combined current PSD calculated from Johnson Noise of nanopore and
1/f Hooge’s noise as shown in Fig. 5.8(b) (red solid line). These combined current power
spectral densities describe well measured current PSD from nanopore up to 10 kHz and noise
at higher frequencies is attributed to Johnson noise of amplifier configuration. As we will
see next, to explain current fluctuations measured during protein capture (as described in
previous section) we need to focus only on low frequency current fluctuations or 1/f noise.
So, we can ignore the variation on the higher frequencies end.
5.3.6 Comparison between current PSD
As we have discussed in the previous section, some level of current fluctuations or noise is
always observed from solid state nanopores even when no molecules are added. Now we
compared this PSD signal with DNA blockage signal for free translocation data. We ob-
served that current power spectral densities for current signal (Io) when no DNA is present
and when DNA is passing through (IB) overlap on each other as shown in Fig. 5.9 (a).
Similarly, in Fig. 5.9 (b), we compared current PSD when a RNAP is trapped inside the
pore during free translocation of λ DNA+RNAPcomplex through 17 nm ×21 nm pore with
no other molecule inside. In contrast to DNA trapped PSD (Fig. 5.9(a)) we observed that
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Figure 5.9: (a) Current power spectral densities are plotted for the current signal measured
from a 17.5 nm×19 nm nanopore for three different situations: with no external voltage,
at 120 mV applied voltage and during the free translocation of λ DNA through nanopore.
(b) Current power spectral densities are plotted from a 17.5 nm×21 nm nanopore current
measurements for three situations: with no bias voltage, at 120 mV applied voltage and
when a RNAP molecule is trapped during the free translocation of λ DNA+RNAP through
nanopore. (c) Current power spectral densities are plotted for the current signal when tip
is far away from membrane (Fig. 2.8), and when the DNA is inside the nanopore and is
being lifted up with tip (corresponding to the signal between (III) and (IV) in Fig. 2.8). (d)
Current power spectral densities are plotted for the current measurements: when tip is far
away from the nanopore (which corresponds to the region before 50 s in Fig. 5.2(a)), when
the complex is captured by a nanopore (for current signal between (II) and (III) in Fig. 5.2),
when DNA is inside the nanopore (while tip is being lifted up, for a region between (IV) and
(V) of Fig. 5.2), and when a RNAP bound to a DNA is trapped inside corresponds to point
(IV) in Fig. 5.2.
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PSD for RNAP trapped signal is ≈ 103 times (in the low frequency region) higher than Io
signal. In other words, 1/f noise deviates from the original signal’s 1/f noise. When RNAP
is trapped inside the pore, the number of the charge carries, Nc inside the pores also de-
creases, as a result, one may expect 1/f noise to increase in accordance with Eq. 5.7. But
as Nc decreases the observed current I through the pore will also decrease, hence a change
in Nc is balanced in Eq. 5.7. So this huge increase in the 1/f noise can be attributed to
the interactions between RNAP and pore walls such that the molecule vibrates inside the
pore, and the applied electric force may not be strong enough to overtake dynamic motion
of RNAP inside nanopore.
Next, we draw a comparison between current power spectral densities for controlled translo-
cation of λ DNA and λ DNA+RNAPcomplex through the nanopore using tuning force sensing
probe tip. Figure 5.9(c) shows PSD analysis for current signal when tip is far away (signal
before 20 seconds Fig. 2.8(a)) and for the current signal measured when λ DNA is inside
nanopore, which is being lifted up with the force sensing probe tip (current signal between
(III)and (IV) of Fig. 2.8). It is evident from Fig. 5.9(c) 1/f noise for both situations (with
DNA and without DNA) is almost the same, similar to the free translocation case Fig. 5.9(a)
except for a distinct peak observed at 60 Hz. This 60 Hz is due to poor isolation of surround-
ing electrical signals by Faraday Cage. Finally, we compare in Fig. 5.9(d) power spectral
densities for current measured from 17.5 nm×21.0 nm nanopore at 120 mV, during controlled
translocation of λ DNA+ RNAPcomplex at different positions of the tip. These four different
positions of the tip are: when tip is 35 µm away from the membrane, Io (corresponds to
signal before 50 s in Fig. 5.2(a)), when DNA is trapped (for current signal between (IV)
and (V) in Fig. 5.2), when the complex is initially captured by nanopore (for current signal
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between (II) and (III) in Fig. 5.2), and when a single RNAP bound to DNA is trapped in-
side nanopore (corresponds to point (IV), where tip is at 7 µm above the nanopore). Power
Spectral densities signals calculated at these positions of tip are plotted in Fig. 5.2. Power
spectral densities measured from Io, and DNA trapped current signal are almost the same,
on the other hand, PSD for current signals when complex is initially captured by nanopore,
and when RNAP bound to DNA is trapped inside the nanopore, have two sharp peaks at
29 Hz and 41 Hz. 1/f noise of the protein trapped current signal (when the tip is at 7 µm in
Fig. 5.2) is ≈ 102 times larger than initial current signal, Io.
Next, we discuss the current fluctuations observed during DNA+RNAP complex capture,
protein trapped at 3.6 µm and DNA trapped (between (IV) and (V)) current signal observed
in case of 25 nm×24 nm pore shown in Fig. 5.6. Zoomed in view of DNA+RNAPcomplex cap-
ture by the nanopore is shown in Fig. 5.10(a). It is evident from Fig. 5.10(b) that when
DNA+RNAPcomplex is released by the nanopore, current fluctuations which appeared during
the complex capture (Fig. 5.10(a)) are not observed anymore. In Fig. 5.10(c), we plot PSD
for various current signals when the tip is near the nanopore membrane corresponding to
complex capture in Fig. 5.10(a), DNA trapped signal, Io signal in Fig. 5.10(b) and when a
single protein is trapped at 3.6 µm for Fig. 5.6. In this case, we again find that 1/f noise has
increased by a factor of ≈ 102 during the initial capture of DNA and RNAP complex and
trapping of RNAP when tip is at 3.6 µm above the nanopore .
PSD analysis suggests that these additional current fluctuation appear only due to the pres-
ence of RNAP in nanopore. Even if the moving step for tip is 50 nm or 25 nm fluctuations
do arise due to RNAP of size ≈ 18 nm on DNA.
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Figure 5.10: (a) A zoomed in view of current blockage signal while DNA+RNAPcomplex is
being trapped by the nanopore (initial signal from Fig. 5.6(a)). (b) Zoomed in view of
current signal while DNA+RNAPcomplex is being released from the nanopore (corresponds
to situation (V) from Fig. 5.6(a). Fluctuations are observed in the measured current sig-
nal during complex capture as compared to the DNA release from the pore. (c) Current
power spectral densities are plotted for open pore current measured through 25 nm×23 nm
nanopore at 120 mV when tip is far away from nanopore (corresponds to region after (V)
in Fig. 5.6(a)), when the complex is captured (initial current signal between (I) and (II) in
Fig. 5.6), when DNA is inside the nanopore while lifting up tip (for a region between (IV)
and (V) of Fig. 5.6), and when a single RNAP bound to DNA is trapped inside the nanopore
which corresponds to the point (III) in Fig. 5.6.
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5.3.7 TFFSP system Resolution to detect binding sites
Once λ DNA+RNAP complex is captured inside the pore, the tip has been approached
down and lifted up from membrane several times and several current blockage traces are
obtained from the same molecules. We observed that mean position of RNAP bound λ
DNA is 6.975 µm±0.0957 µm (or 27999 bp ±319 bp) as shown in Fig. 5.2 and Fig. 5.5. As
discussed in the result section of the previous chapter, for promoter site standard deviation
is about 3000 bp and it is 15726 bp for pseudo promoter sites. It has been reported earlier
that with nanofluidics set up combined with fluorescence measurement, the promoter sites
have a minimum standard deviation of 570 bp and for pseudo promoter sites, it is little
broader between 1500 bp-550 bp [115]. It has also been observed that pseudo promoter
sites have a broader peak than promoter sites [115] similar to what we have observed in
Chapter 4. Other groups have also reported the relative binding sites of protein on DNA
using free translocation of DNA and protein complexes through solid state nanopores. For
example anti-DNA antibodies detection [131] and TF, Zinc finger’s (Zif268) binding sites
detection [126]. They have observed broad peaks around the binding sites that vary over
the full length of DNA molecule. During free translocation experiment, the orientation of the
molecule during capture and accelerated exit of DNA through the nanopore limits accurate
estimation of the binding sites. However, the SSN-TFFSP setup gives us the exact position
of the RNAP from the tip position trace and we can avoid the assumptions made about
constant velocity of DNA in the free translocation case. The minimum standard deviation
of 320 bp for pseudo promoter sites is obtained first time with our set up of tuning force
force sensor combined with solid state nanopores.
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5.4 Conclusion
We can detect possible binding sites of RNAP on the λ DNA molecule with very high
accuracy with Solid State Nanopore combined to tuning fork force sensing probe set up as
compared to native Solid State Nanopore setup. The resolution of the system to detect the
exact binding site of RNAP is within 100 nm or ≈ 300 bp and has highest resolution as
compared to other available techniques like fluorescence microscopy [115], AFM [113] etc.
We observed current fluctuations as an individual protein had approached the nanopore
detection region and were present for about 50 nm-150 nm. We study these fluctuations
with current PSD, and find that the amplitude of current PSD has increased by a factor of
102 in the lower frequency spectrum . We propose that these current variations occur due to
Brownian motion of RNAP bound on the λ DNA molecule as a result ≈ 100 nm deviation




In this dissertation, a novel approach to characterize binding sites of RNAP holoenzyme on
λ DNA molecule using an apparatus that integrates Solid State Nanopore with Tuning Fork
Force Sensing Probe have been described. DNA tethered Force Sensing Probe tip is used to
control the translocation of DNA through Solid State Nanopores. The λ DNA translocation
time has increased from ≈ 2 µs (observed with free translocation of λ DNA from a solid state
nanopore) to ≈ 30 s. Binding chemistry of DNA to gold coated tip is tested using another
experimental set up that combines fluorescence imaging and dielectrophoretic stretching. We
have shown that at 15 µm gap between the electrodes maximum stretching of the λ DNA is
obtained with 33 VPP AC voltage and a large number of molecules are bound at the end of
the tip.
From free translocation data set of λ DNA+RNAPcomplex, we estimated the binding effi-
ciency of RNAP on the λ DNA is ≈ 42% and the position of the binding sites of RNAP
are determined from relative start time of the RNAP peak in an event. RNAP has high
tendency to bind around 38390 bp±4639 bp followed by a second site at 25920 bp±3536 bp.
However these positions include two promoter regions and three pseudo promoter sites re-
spectively.Hence a native nanopore setup can not distinguish between the individual RNAP
binding sites.
Finally, we show that the SSN-TFFSP apparatus can sense the individual RNAP binding
sites. This apparatus has a measurement accuracy of 100 nm or 300 bp to detect the binding
sites of RNAP. Apart from high resolution measurement of binding sites, new insights on
110
dynamics of the λ DNA+RNAPcomplex translocation through the Solid State Nanopore at
controlled speed are observed.
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